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ANALYSIS OF LOW TEMPERATURE TRAPPING AND 
RECOMBINATION I N  1 1 - V I  COMPOUNDS USING 
PHOTODIELECTRIC TECHNIQUES 
ABS TRACT 
I n  1 1 - V I  compounds at  cryogenic temperatures, t he  photo- 
d i e l e c t r i c  (PD) e f f ec t  i s  the  r e s u l t  of optically-induced changes i n  the  
dens i t ies  of f ree  and trapped ca r r i e r s .  Changes i n  both the r e a l  and 
imaginary p a r t s  of the complex d i e l e c t r i c  constant a r e  observable when 
the  semiconductor i s  placed i n  a superconducting microwave cavi ty  and 
i r r a d i a t e d  with l i g h t .  A change i n  t h e  real pa r t  of t h e  d i e l e c t r i c  
constant r e s u l t s  i n  a s izeable  change i n  the  cavi ty  resonant frequency, 
while a change i n  the  imaginary pa r t  of t he  d i e l e c t r i c  constant produces 
a change i n  the  microwave power absorbed by the semiconductor. Equations 
a re  presented which r e l a t e  t he  frequency change and power absorption 
change t o  the  dens i t ies  and binding energies of trapped c a r r i e r s ,  and 
t o  the  densi ty  of free c a r r i e r s .  The PD technique gives a d i r ec t  
measurement of both the  f r ee  c a r r i e r  density and the  trapped c a r r i e r  
densi ty  . 
Models involving trapping and recombination centers  with 
se lec ted  proper t ies  are analyzed t o  reveal  t he  r e l a t ions  between c a r r i e r  
ii 
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dens i t ies  and other  physical  cha rac t e r i s t i c s  of the  sample. Equations 
are wr i t ten  i n  forms which allow capture cross sec t ions ,  recombination 
cross sec t ions ,  t r a p  ionizat ion energies ,  and t r a p  dens i t ies  t o  be 
calculated from the  t i m e  and temperature var ia t ions  of t he  f r ee  and 
trapped c a r r i e r  dens i t ies .  
Samples of CdS:Al, CdS:Ag, CdTe, and ZnTe are  analyzed, both 
with PD techniques and with other  techniques such as thermally st imulated 
conductivity , and values f o r  t r a p  depths , dens i t i e s ,  and capture cross 
sect ions a re  obtained and compared. In  most cases where a comparison of 
methods i s  possible ,  results from the  d i f f e ren t  techniques agree. I n  the  
remainder of t he  cases,  photodielectr ic  data ,  which gives a d i r ec t  observa- 
t i o n  of trapped c a r r i e r  behavior , gives s ign i f i can t ly  improved accuracy 
compared t o  t h e  other  techniques where trapped c a r r i e r  behavior i s  
only obtained ind i r ec t ly .  Results presented demonstrate t ha t  PD response 
spec t ra  y i e l d  values fo r  bandgaps and t r a p  ionizat ion energies.  The 
t i m e  var ia t ion  of t he  photodielectr ic  response i s  used t o  reveal  severa l  
t r aps  which exis t  i n  one sample, and t o  separate trapped c a r r i e r  e f f e c t s  
from f r ee  c a r r i e r  behavior. The d i r ec t  observation of t r a p  f i l l i n g  and 
emptying y i e lds  su f f i c i en t  data  t o  ca lcu la te  t r a p  depths, dens i t i e s ,  and 
cross sect ions.  The temperature dependence of t he  PD response gives add- 
i t i o n a l  information concerning t r a p  ionizat ion energies and cross sect ions.  
Data from t h e  var ia t ion  of the  response with respect  t o  l i g h t  i n t ens i ty  
g rea t ly  s impl i f ies  the  choice of an energy band model. 
It i s  demonstrated t h a t  i n  some cases,  a photodielectr ic  
experiment is  c l ea r ly  more sens i t i ve  than other  techniques, such as 
photoconductivity analysis ,  applied t o  the  saae material. The PD method 
i s  contac t less ,  el iminating a l l  of the  problems associated with making 
iv 
ohmic contacts.  The successful application of PD techniques t o  a 
powdered sample i s  demonstrated. Even when t h e  PD method is  applied 
t o  s ing le  c rys t a l  samples, the f a c t  t h a t  t he  behavior of trapped 
ca r r i e r s  i s  d i r ec t ly  observed means tha t  t he  method grea t ly  improves 
an experimenter's a b i l i t y  t o  analyze and measure trapping and recom- 
bination parameters. 
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CHAPTER I 
INTRODUCTION 
METHODS OF STUDYING CARRIER DYNAMICS 
The recombination and trapping dynamics of semiconductors and 
insu la tors  determine the  behavior ofmany s o l i d  s t a t e  devices. For ex- 
ample, t he  operation of photocel ls ,  rad ia t ion  detectors ,  semiconductor 
lasers, and luminescent phosphors, as w e l l  as junction devices, such as 
t r a n s i s t o r s  and diodes, i s  very sens i t i ve  t o  the  type,  density,  ioniza- 
t i o n  energy, and capture cross sect ion of loca l ized  imperfections. A t -  
temptsto improve ex is t ing  s o l i d  s t a t e  devices or  t o  c rea te  new ones are 
therefore  ce r t a in  t o  involve a study of t he  imperfection si tes.  
N o  s ing le  universal  method e x i s t s  for  analyzing defect sites. 
Dozens of d i f f e ren t  experimental techniques have been put t o  use under 
various circumstances, but a l l  are subject  t o  r e s t r i c t i o n s  i n  t h e  type 
of sample, s e n s i t i v i t y  and appl icabi l i ty  of  t he  measurement equipment, 
1 and i n  theo re t i ca l  considerations. Bube l i s t s  some of t he  schemes which 
are commonly applied i n  trapping and recombination s tudies ;  they may be 
divided i n t o  two groups, depending on whether d i r ec t  e l e c t r i c a l  contact 
t o  t h e  sample i s  made. I n  many cases, an experiment requir ing ohmic con- 
t a c t  is phenomenologically similar t o  one of the  contact less  procedures. 
When ohmic contact may be made t o  a sample, some standard meas- 
urements are the  var ia t ion  of current  with temperature, H a l l  e f f e c t ,  
growth and decay of photoconductivity, thermally stimulated conductivity, 
photoconductivity spec t ra  and quenching of conductivity,  var ia t ion  of 
photosensi t ivi ty  with temperature or  l i g h t  i n t ens i ty ,  space charge l i m -  
i t e d  current dependence on vol tage,  and others.  The var ia t ion  of current 
1 
2 
with temperature i s  a widely used method of determining donor and 
acceptor energies and the  bandgap. The r a t e  of ionizat ion from a 
l e v e l  t o  one of the bands i s  r e l a t ed  t o  the  Boltzmann f ac to r ,  e 
Tubota 
found i n  ZnTe and CdTe are  obtained using t h i s  technique. Materials 
must be r e l a t i v e l y  f r ee  of t r aps  so t h a t  ionizat ion of the  donor 
o r  acceptor i s  not masked. Ei ther  the  H a l l  e f f e c t  o r  the  Seebeck 
thermoelectric e f f e c t  may be used t o  determine the  conductivity 
type of the  thermally f reed c a r r i e r .  
-E/kT 
2 and Segal l ,  e t  a l .3  show t h a t  many of the  acceptor l eve l s  
An analysis  of the  growth and decay of photoconductivity i s  
the subject of th ree  chapters of reference 1 by Bube. The r a t e  
equations f o r  the  in te rac t ions  of c a r r i e r s  a t  various energy l eve l s  
are  obtained and are generally nonlinear and qui te  d i f f i c u l t  t o  
work with u n t i l  considerably s implif ied f o r  spec ia l  cases. I f  a 
su i t ab le  model describing the  s t a t e s  i n  t he  forbidden band i s  chosen, 
Bube, e t  a l .  show t h a t  it i s  of ten possible  t o  ca lcu la te  imperfection 
dens i t ies  and capture cross sect ions f o r  the model. However, s ince 
the conductivity measurement only gives an ind i r ec t  look at  the  
behavior of trapped c a r r i e r s ,  the se lec t ion  of a proper model is  
subject t o  considerable e r r o r .  It is of ten  the  case t h a t  severa l  
d i f f e ren t  models involving d i f f e ren t  t r a p  d i s t r ibu t ions  can a f f e c t  
the  photoconductivity i n  iden t i ca l  ways. 
4 
The thermally st imulated conductivity technique (TSC), 
6 described by Haering and Adams5 and Bube, e t  al .  , i s  probably the  most 
popular method of studying t r a p s ,  but t he  in t e rp re t a t ion  of results i s  
of ten made d i f f i c u l t  when closely spaced leve ls  and donors and acceptors 
e x i s t  i n  t he  sample. The t r aps  are f i l l e d  a t  a l o w  temperature, and the  
3 
amount of thermally st imulated conductivity during warming i s  r e l a t ed  t o  
the  rate of t r a p  emptying and the  recombination l i fe t ime.  
t i o n  of t he  forbidden band may be surveyed because of temperature l i m i t a -  
t i ons  a t  both extremes. Other disadvantages of the  technique are t h a t  
propert ies  of t he  t r a p  can only be evaluated at one temperature, and the  
failure t o  know the  degree of sa tura t ion  of a t r a p  caa l ead  t o  e r ro r s  i n  
the  results ., I n  more favorable s i t ua t ions ,  however, TSC yie lds  the  
depth, capture cross sect ions and approximate density of a t rap .  
Only a frac-  
The d i r ec t  ionizat ion energy of any l e v e l  may be found by ob- 
serving a photoconductivity spectrum and r e l a t i n g  the  photon energy t o  
the  ionizat ion energy. The depth of a quenching l e v e l  i s  found i n  the  
same manner from a spectrum of photoconductivity quenching. Data from 
8 Lambe, e t  al.7 
sens i t i ve  unless the absorption i s  strong and the  l i f e t ime  o r  response 
time i s  long enough t o  insure aa observable f r e e  c a r r i e r  density change. 
Peaks tend t o  spread, and therefore  may be d i f f i c u l t  t o  loca te ,  when the  
l i g h t  i s  not monochromatic o r  when phonon aborption or  emission i s  a p a r t  
of the  t r ans i t i on .  I n  general ,  very accurate values f o r  the  ionizat ion 
energy are obtained, but calculat ion of other  parameters of t h e  l e v e l  i s  
not possible.  The measurement is  usually insens i t ive  t o  imperfections 
with small densi t ies .  
and H e m i l a  and Bube shows t h a t  ne i ther  technique i s  very 
Variations i n  photosensi t ivi ty  do/dT with changes i n  l i g h t  in-  
t e n s i t y  o r  temperature can be analyzed t o  loca te  c a r r i e r  t raps .  When 
t r aps  become f i l l e d ,  any given s i t e  i s  more l i k e l y  t o  a c t  as a recombina- 
t i o n  center  than a t r a p ;  the  Fermi l e v e l  rises. The t r a p  i s  located by 
ca lcu la t ing  the  Fermi l e v e l  when the  s e n s i t i v i t y  changes, For bes t  
4 
results, t he  l e v e l  should be monoenergetic s ince the  movement of t h e  Fermi 
l e v e l  through a random d i s t r ibu t ion  of t r aps  i s  not e a s i l y  analyzed. 
9 Rose gives a complete treatment of t h e  r e l a t i o n  between a dis- 
t r i bu t ion  of t r aps  and the  var ia t ion  of t h e  space charge l imi ted  current 
i n  t h e  c r y s t a l  when the  applied f i e l d  and temperature are varied. The 
current i s  related t o  the  charge required t o  fill the  t r aps ,  and thus de- 
pends on t h e  cha rac t e r i s t i c s  of the t raps .  The result i s  t h a t  simple t r a p  
d is t r ibu t ions  give eas i ly  recognized e f f ec t s ,  and the  t o t a l  t r a p  density 
may be estimated. It i s  a l so  possible t o  f ind  the depth of a s ingle  l eve l .  
For complex d is t r ibu t ions  the  analysis i s  extremely complex, and hence 
this technique has not been widely used. 
The experiments discussed above a l l  have a common drawback: the  
need for  ohmic contacts. I n  general ,  it i s  not easy t o  make ohmic contact 
t o  1 1 - V I  compounds . For example, neut ra l  contact t o  C d S  r e l i ab ly  occurs 
only with I n  and G a  metals which both m e l t  at r e l a t ive ly  low temperatures. 
I n  some ins tances ,contac tsof  A1 axe a lso  ohmic, and forming techniques 
frequently work. It i s  always necessary t o  t es t  the  contact t o  insure it 
behaves as expected. The d i f f i c u l t y  of making ohmic contact t o  p-CdTe and 
ZnTe at low temperatures i s  w e l l  documented by Aven and Segal l l0  and 
1 
Schiozawa, e t  al.”. Furthermore, most 
high resist ivit ies at low temperatures, 
contacts d i f f i c u l t .  
of the  1 1 - V I  compounds have very 
making character izat ion of t h e  
Methods requir ing ohmic contacts are not e a s i l y  applied t o  ir- 
regular ly  shaped crys ta l s  or t o  powders. Thus, some samples are analyzed 
using pr imari ly  t h e  contact less  methods. 
nescence, very accurate measurements of energetic t r ans i t i ons  are obtained 
I n  samples which produce lumi- 
5 
by r e l a t i n g  the  op t i ca l  wavelength t o  the 
nique may be used, very precise  values of 
photon energy. When t h i s  tech- 
binding energies r e s u l t ,  and it 
i s  also possible t o  determine the  nature of t he  defect responsible f o r  
the  emission. 
CdS, Kulp, e t  mapped the var ia t ion  of binding energy i n  C d S  due t o  
temperature changes, and Blount, e t  a d 5  invest igated e f f ec t s  of anneal- 
ing i n  ZnS, a l l  using luminescence data. 
ionizat ion energies of various combinations of ca r r i e r s  bound at imper- 
fec t ions ,  using the  hydrogen atom approximation, and applied the  results 
t o  in t e rp re t ing  edge emission i n  11-VI compounds. 
For example, Lambe l2,l3 studied the  e f fec ts  of s i l v e r  i n  
Halsted'' derived the  expected 
Garlick and Gibson'' used thermally st imulated luminescence ex- 
periments t o  study trapping i n  sulf ide and s i l i c a t e  phosphors. 
nique is analogous t o  TSC, and has an advantage over luminescence spec t ra  
experiments i n  t h a t  t h e  attempt-to-escape frequency of the  t r a p  may be 
found, and it i s  possible t o  judge whether retrapping at the  luminescence 
center  i s  important. Similar ly ,  quenching of luminescence i s  analogous t o  
photoconductivity quenching (see  Broser18, fo r  example) , and fluorescence 
growth and decw curves are analyzed i n  a manner s i m i l a r  t o  t he  investiga- 
This tech- 
t i o n  of photoconductivity growth and decay 17 . 
Although luminescence data  y ie lds  valuable results i n  studying 
ce r t a in  samples, t he re  are many s i tua t ions  where these techniques are of 
l i t t l e  value. 
and t h e i r  cross sec t ions ,  and i f  t he  c r y s t a l  exhibi ts  a low fluorescence 
There i s  no simple method of finding dens i t ies  of l eve l s  
e f f ic iency  due t o  a r e l a t i v e l y  high degree of 
presence of "killer centers" (which allow the  
phonon processes r a the r  than being emitted as 
nescence results . 18 
imperfection or due t o  the  
energy t o  decay i n  m u l t i -  
photons),  l i t t l e  o r  no lumi- 
6 
The absorption of l i g h t  may be considered the  inverse of lumi- 
nescence, and absorption spec t ra  may be analyzed i n  w a y s  s i m i l a r  t o  those 
used t o  evaluate luminescence data. Segalll '  and Marple2' have developed 
the  relat ionships  between the  absorption coef f ic ien t  and t r a n s i t i o n  ener- 
g ies  and applied them t o  CdTe i n  the  absorption edge region. Lambe, e t  
al.7 and Halperin and Garlick21 have used absorption measurements t o  in- 
ves t iga te  deeper l eve l s .  A r e l a t ed  experiment i s  the  measurement of re- 
f l e c t i v i t y  spec t ra ,  and Bube22 has shown t h a t  t h i s  method is  applicable t o  
powders. Absorption and r e f l e c t i v i t y  curves do not y i e ld  values for  den- 
s i t ies  and cross sect ions,  and tend t o  be insens i t ive  for l eve l s  with s m a l l  
concentrations e 
From the preceding sec t ion ,  it should be c l ea r  t h a t  a l l  of the  
standard experimental methods of analyzing trapping and recombination i n  
1 1 - V I  compounds su f fe r  from one o r  more disadvantages, and severa l  of t he  
techniques m u s t  be applied t o  a sample t o  ex t rac t  a l l  of the trapping and 
recombination parameters. Recent i n t e r e s t  i n  t he  photodielectr ic  e f f e c t ,  
st imulated by Hartwig and eo-workers 23-30, brought about t h i s  study of t he  
use of the  low temperature photodielectr ic  e f f ec t  as an a l t e rna te  method 
of measuring trapping and recombination parameters i n  1 1 - V I  compounds. 
HISTORY OF THE PHOTODIELEXTRIC EFFEXT 
Before 1960, very l i t t l e  w a s  known about t he  photodielectr ic  
e f f ec t  i n  semiconductors and insulators .  The experiments performed up t o  
t h a t  timearesummarized by Bube H e  l i s t s  three  hypotheses used t o  ex- 
p l a in  apparent changes i n  t h e  d i e l e c t r i c  constants of photosensit ive ma- 
ter ia ls :  (1) It i s  simply another way t o  detect  a conductivity increase,  
with the  enhanced conductivity e f fec t ive ly  lessening t h e  distance between 
1 
7 
the  p l a t e s  of a d i e l e c t r i c  f i l l e d  capacitor and making it appear t h a t  a 
d i e l e c t r i c  change has occurred. 
change brought zbout by a,n increase i n  the sample po la r i zab i l i t y  as would 
occur when electrons are trapped. (3)  It i s  a real change i n  the  dielec- 
t r i c  constant of non-single-crystal samples due t o  the  existence of space 
charge trapped at grain boundaries, 
( 2 )  It i s  a r e a l  d i e l e c t r i c  constant 
Each theory had i t s  supporters,  although f e w  experimenters 
found it desirable  t o  perform the  experiments. Measurements on CdS crys- 
t a l s  by Kallman, e t  al. 31’32 l e d  them t o  adopt the  f irst  theory because 
the  capacitance change they observed decayed rapidly even though a deep 
t r a p  existed.  
using C d S  and making measurements at 7 8 O ~  and 300 kHz; the  results are  
explained w i t h  an equivalent c i r c u i t  consis t ing of two capacitors and two 
photoresis tors  e 
sis  i n  severa l  powdered phosphors, including ZnS, but fa i led t o  observe 
any change i n  s ing le  c rys ta l s  of ZnS and C d S .  G a r l i ~ k ~ ~  then concluded 
t h a t  photodielectr ic  changes occurred only i n  powders. 
Broser, Brum, and R e ~ b e r ~ ~  ar r ived  at the  same conclusion 
Garlick and Gibson34 found evidence fo r  the second hypothe- 
These ear ly  experiments suffered from lack of s e n s i t i v i t y  due 
t o  the  low measurement frequencies and high temperatures used. 
H a r t ~ i g ~ ~  and Genz 
frequencies t o  detect  in f ra red  l i g h t .  Experiments performed with S i  and 
G e  samples i n  a 400 MHz coaxial  cavi ty  operated at 77OK revealed t h a t  the  
thermally generated c a r r i e r s  masked the  e f f e c t s  of op t i ca l ly  generated 
ca r r i e r s .  Arndt2’ then repeated t h e  attempts t o  observe a photodielec- 
t r i c  e f f ec t  i n  semiconductors, and succeeded by using a superconducting 
cavi ty  operating a t  4 a 2OK. increased the  measurement frequency 
I n  1961, 
24 proposed use of t he  photodielectr ic  e f f ec t  at higher 
26 Stone 
t o  Q, 1 GHz and demonstrated a wide band op t i ca l  detector  and a tuneable 
tunnel diode o s c i l l a t o r ,  both relying on the  photodielectr ic  effect. More 
recent ly  work by Hinds27 has been directed at improving detector  sensi- 
t i v i t y  by using CdS as the  ac t ive  mater ia l ,  and Baker28 thoroughly inves- 
t i ga t ed  means of characterizing the semiconductor sample i n  terms of ma- 
t e r i a l  parameters per t inent  t o  the  photodielectr ic  e f f ec t .  
Hinds2' described the  d i r ec t  observation of e lectron trapping i n  CdS, 
and Stone, Hartwig and Baker3' reported t h e  use of t h e  photodielectr ic  ef- 
f ec t  i n  an o p t i c a l  feedback tuning system f o r  a superconducting cavity. 
Since c a r r i e r  trapping e f f ec t s  were c lear ly  seen i n  reference 
Hartwig and 
27 and 29, i t  w a s  f e l t  t h a t  t h e  photodielectr ic  detector  system could be 
used as a research t o o l  i n  place of some of the standard methods of mea- 
suring trapping and recombination mentioned previously. The purpose of 
the  work reported herein i s  t o  inves t iga te  the  use of photodielectr ic  
techniques i n  analyzing low temperature trapping and recombination i n  II- 
V I  compounds, and t o  compare photodielectr ic  methods with the standard 
methods. Some of t he  per t inent  charac te r i s t ics  of 11-VI  compounds, ex- 
pected t o  have a bearing on t h e  outcome, a re  l i s t e d  i n  t h e  following sec- 
t ions .  
PROPERTIES OF CdS 
Cadmium su l f ide  i s  probably the  most widely studied 1 1 - V I  com- 
36 pound. It exists mainly i n  the  hexagonal wurtzi te  s t ruc tu re  
exhibi ts  n-type c o n d ~ c t i v i t y ~ ~  because acceptor defects  tend t o  be compen- 
sated by na t ive  defects .  The hexagonal s t ruc ture  causes the energy bands 
t o  be anisotropic at k = 0 and, therefore ,  most of the t ransport  propert ies  
a re  anisotropic.  Some propert ies  are l i s t e d  i n  Table 1-1, and average 
values are taken f o r  t h e  anisotropic parameters. 
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Donor and defect leve ls  have been reported throughout t he  for- 
bidden band (see  Devlin ) , The la rge  number of l eve l s  observed and t h e  
tendency of the  material t o  form defect centers have prevented cor re la t -  
ing most of t h e  leve ls  with types of defects.  Undoubtedly, t he  most i m -  
portant defect cha rac t e r i s t i c  of CdS i s  the  compensated acceptor which 
normally ac t s  as a hole t r ap .  It appears about 1 e V  above t h e  valence 
band, but t h i s  apparently var ies  from sample t o  sample; it i s  generally 
a t t r i bu ted  t o  e i the r  a C d  vacancy or  Cd vacancy-impurity complex, accord- 
ing t o  Bube3'. 
probable defect involved. 
28 
Other l eve l s  of ten seen are  given i n  Table 1-2 with t h e  
The compensated acceptor l e v e l  i s  the key t o  the  high photosen- 
s i t i v i t y  of CdS and similar materials.  When it r e s u l t s  from a cation va- 
cancy, it i n i t i a l l y  has a double negative charge and therefore  has a very 
la rge  capture cross sect ion fo r  holes and small subsequent capture cross 
I 
1 sect ion fo r  electrons . The great  difference i n  capture cross  sect ions 
grea t ly  hinders the recombination process,  resu l t ing  i n  long f r e e  electron 
l i fe t imes  and enhanced photosensi t ivi ty .  For t h i s  reason, many observers 
a l so re fe r  t o  t h i s  type of center as a sens i t iz ing  center.  The l e v e l  i s  
normally compensated at room temperature, and Kulp4', and Li t ton and 
Reyno 1 ds 41'42 show t h a t  exc i ta t ion  of e lectrons from the  l e v e l  i s  achieved 
with sub-bandgap l i g h t .  
The sens i t iz ing  center i s  responsible f o r  th ree  e f f ec t s  seen i n  
CdS. I n  some c rys t a l s  a t  low temperatures, t he  acceptor l eve l s  have a 
large densi ty  compared t o  deep electron t raps .  Photogenerated holes are 
permanently trapped, and after the  electron t r aps  saturate, a very high 
density of free electrons results. For reasons which are not c lear ,  
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recombination does not take place,  
t he  conduction band; samples which 
and f r ee  electrons may be "stored" i n  
exhibi t  t h i s  behavior are ca l led  s to r -  
age c rys ta l s .  
Eastman and Brodie . 
Examples of t h i s  behavior are presented by Kulp4' and 
43 
Some C d S  c rys ta l s  display the  t a p  e f f e c t ,  which i s  the  emission 
of luminescence and a sharp reduction i n  conductivity when the  c r y s t a l  i s  
mechanically st imulated 40'41. The reason fo r  t h i s  behavior i s  s t i l l  open 
t o  discussion16, but the  most widely accepted explanation i s  t h a t  t h e  t a p  
generates a su f f i c i en t  quantity of phonons t o  free holes from the  sensi-  
t i z i n g  center  and make them avai lable  f o r  rad ia t ive  recombination with 
trapped electrons 27'40. Infrared quenching i s  a r e l a t ed  phenomenon i n  
which the  holes are op t i ca l ly  freed from the sens i t iz ing  center ,  producing 
the  blue and green luminescence seen by Lambe and K l i ~ k ~ ~  and reducing the  
conductivity . Woods has shown t h a t  photosensi t ivi ty  may be increased 
by heating CdS i n  a vacuum, increasing the  density of sens i t iz ing  centers.  
PROPERTIES OF CdTe 
8 46 
Cadmium t e l l u r i d e  normally c rys t a l l i ze s  i n  the  cubic zincblende 
s t ructure47,  may be doped t o  give e i t h e r  conductivity type and i s  t h e  most 
pure 11-VI compound avai lable  . There has been considerable discussion 
about whether t h e  conduction band minimum l i e s  a t  k = 0, but most of  t he  
evidence favors the  existence of a d i r ec t  gap . Values of the  t ranspor t  
propert ies  are l i s t e d  i n  Table 1-1. 
48 
38 
Native defect leve ls  tend t o  dominate i n  the  behavior of high 
pur i ty  CdTe, and severa l  experimenters agree t h a t  s ingly and doubly ion- 
ized  cadmium vacancies both introduce acceptor l e v e l s ,  although there  is 
disagreement about the  energies of t he  l eve l s  (see Table 1-2).  " K i l l e r "  
13 
centers of unknown or ig in  tend t o  ex i s t  near t h e  middle of  the  forbidden 
band; they ac t  as recombination centers and l i m i t  the  eff ic iency of l u m i -  
nescence processes37. Measurements requiring ohmic contact are hindered 
by the  f a c t  t h a t  low res i s tance  contacts t o  p-type CdTe have not been 
achieved . 37 
PROPERTIES OF ZnTe 
Zinc te l lur ide  usually c rys t a l l i ze s  i n  the  zincblende c r y s t a l  
and i s  normally p-type, although high r e s i s t i v i t y  n-type c rys t a l s  
38 have been reported . It i s  probably the  l e a s t  s tudied 11-VI  compound be- 
cause it i s  not very photosensit ive.  According t o  Aven and Segall'' and 
Shiozawa, e t  al.", contacts t o  ZnTe tend t o  become non-ohmic fo r  tempera- 
tures below 100°K. 
holes from s ingly  and doubly ionized Zn vacancies37. 
Donors i n  ZnTe tend t o  be completely compensated by 
The quantum effi-  
ciency of luminescence processes i s  usually qui te  low, and emission may 
be completely quenched at room temperature . 37 
Transport propert ies  of ZnTe are  l i s t e d  i n  Table 1-1 and some 
commonly seen defect l eve l s  a re  given i n  Table 1-2. A s  i n  t he  case of 
CdTe, there  i s  a lack of agreement on the  energies of sites due t o  Zn 
vacancies, but t he  presence of two such levels i s  widely accepted. 
OTHER 11-VI COMPOUNDS 
Cadmium selenide 
i o r  i s  very similar t o  the  
has not been widely s tudied because i t s  behav- 
behavior of CdS . It i s  a l w a y s  n-type and 38 
c rys t a l l i ze s  i n  t h e  w u r t z i t e  s t ruc ture .  Both ZnS and ZnSe are commonly 
grown i n  both t h e  wurtzi te  and zincblende c r y s t a l  forms, and may be made 
e i t h e r  n-type o r  p-type . These two materials are very s i m i l a r  t o  each 
\ 
38 
other  i n  most ways, d i f f e r ing  mainly i n  the  values of t h e i r  t ranspor t  
14 
propert ies .  Furthermore, the  behavior of t he  zinc and cadmium sulfides 
and selenides are generally more similar than diss imilar  38,39 
Because of these ove ra l l  s i m i l a r i t i e s ,  CdS w a s  chosen as a 
representat ive of t h e  group of ZnS, C d S ,  ZnSe, and CdSe for the  s tud ies  
reported herein.  
because of i t s  a b i l i t y  t o  display the  s torage,  t a p ,  and quenching ef fec ts .  
ZnTe and CdTe samples were a l so  selected fo r  t e s t i n g  because of t h e i r  
tendency t o  be p-type, because they of ten respond unfavorably i n  tests re- 
quiring ohmic contacts ,  and because t h e i r  general  photostimulated behavior 
d i f f e r s  from the  behaviors of t he  other  four 11-VI compounds. 
The behavior of.CdS i s  considered t h e  most i n t e re s t ing  
CHAPTER I1 
Theory of Phot odielect  r i c  Measurements 
INTRODUCTION 
Several detailed papers are avai lable  which t reat  various aspects 
of the photodielectr ic  study of  semiconductors. 
i t y  perturbation model t o  describe the e f f e c t s  of changes i n  the  complex 
d i e l e c t r i c  constant on t h e  behavior of a re-entrant coaxial  cavity contain- 
ing the  semiconductor. 
applied the  r e l a t ions  describing how the existence of excess f ree  ca r r i e r s  
i n  the  semiconductor a f f ec t s  t he  d i e l e c t r i c  constant,  and Baker 
extended these invest igat ions t o  allow calculat ion of  t he  f i l l i n g  fac tor  
of t he  sample and measurement o f  the sample relaxat ion t i m e .  Hinds 
analyzed the  re la t ions  between bound ca r r i e r s  and the complex d i e l e c t r i c  
constant. The following consis ts  of a br ief  summary of the  e s s e n t i a l  
r e s u l t s  of these repor t s ,  laying the groundwork for  the  analysis  t o  follow. 
The reader seeking more d e t a i l s  i s  advised t o  r e f e r  t o  the  references 
given above. 
MICROWAVE CAVITY BEHAVIOR 
A r ~ ~ d t ~ ~  analyzed the  cav- 
H a r t ~ i g ~ ~ ,  A r r ~ d t ~ ~ ,  and Stonee6 derived and 
28 
27 
A sens i t ive  scheme f o r  observing photodielectr ic  e f f ec t s  i n  
24 semiconductors, o r ig ina l ly  proposed by H a r t ~ i g ~ ~  and Genz 
t h e  semiconductor sample i n  the  high f i e l d  region of a microwave cavity 
and monitor the  resonant frequency and r e l a t i v e  amount of microwave 
power absorbed by the  sample. A re-entrant cavi ty  w a s  chosen because of 
t he  favorable geometry; a f u l l  s i z e  cutaway view of the  cavi ty  used t o  
, i s  t o  place 
make the  measurements 
be viewed as a length 
reported here i s  shown i n  Fig. IV-2. The cavi ty  may 
of transmission l i n e  with one end shorted and the  
16 
other  end capaci t ively terminated. The resonant frequency i s  determined 
by both the  cha rac t e r i s t i c  impedance of the  l i n e  and by the  capaci t ive 
termination. It i s  c l ea r  t h a t  changing the  d i e l e c t r i c  constant of the  
capacitance, e i t h e r  by introducing a semiconductor w a f e r  or changing E 
f o r  the  semiconductor, changes the  cavi ty  resonant frequency and the  
r e l a t ive  amount of energy absorbed by the  termination. A r ~ t d t ~ ~  used 
a cavi ty  per turbat ion model t o  ca lcu la te  the e f f e c t s  of changes i n  the 
semiconductor d i e l e c t r i c  constant on the  cavi ty  behavior, and h i s  
primary r e s u l t s  are  given here with t h e  necessary assumptions involved. 
r 
When a semiconductor sample i s  f i r s t  placed i n  the  cavi ty ,  the  
resonant frequency will change by the amount 
I 
Here, f i s  the  frequency, E i s  the  d i e l e c t r i c  constant,  i s  the  permea- 
b i l i t y ,  E i s  the  e l e c t r i c  f i e l d ,  ff i s  the  magnetic f i e l d ,  Vs i s  the  sample 
volume, V i s  the  cavi ty  volume, the  subscr ipt  0 r e f e r s  t o  values before 
the  sample i s  included, and 1 refers t o  values w i t h  t he  sample i n  place.  
C 
Assumptions are t h a t  V < < V  dnd the  sample only s l i g h t l y  alters the  
f ie lds  and the  frequency. 
S C 
The r a t i o  of i n t eg ra l s  on the  r igh t  side of equation [2.1] 
i s  a measure of t he  f r ac t ion  of t he  electromagnetic energy i n  the  cavi ty  
which i s  s tored  i n  the  sample. This f ac to r  i s  commonly ca l led  the  geometry 
f ac to r  o r  f i l l i n g  f ac to r ,  and i s  represented by the  symbol G. Thus, 
equation [2.1] is  rewri t ten 
E -E A f  o l G  - = -  
1 E fl 
12.21 
The geometry f ac to r  is  not ea s i ly  calculated from the  r e s u l t s  of t he  cavity 
per turbat ion model. 
sample system t o  calculate  an expression f o r  G i n  terms of t h e  sample 
and cavi ty  parameters , 
Baker2' used a transmission l i n e  model of t he  cavity- 
cos2 .rf 
f b  
G =  o 
EOAZ0.rr2f2 [l i- > s ~ ~ ~ ]  
where f is  the  unloaded cavi ty  frequency, f i s  t h e  loaded cavi ty  fre- 
guency, b i s  the  sample thickness,  A i s  i t s  area, and Z i s  the  character- 
i s t i c  impedance of t he  cavity.  
0 
0 
The f i l l i n g  fac tor  G may e i t h e r  be calculated using Eq. 12.31 
o r  measured, using Eq.  12.21. Baker2' found t h a t  the  calculated value 
tended t o  be somewhat higher than the  measured value and concluded t h a t  
t he  assumptions used i n  the  perturbation method may be inva l id  when 
measuring the  G f ac to r  of large samples. On the  other  hand, the  magni- 
tude of t he  term i n  brackets i n  Eq. [2.3] i s  very sens i t i ve  t o  s m a l l  
changes i n  the  two frequencies. It i s  possible  than an inaccuracy 
involved i n  determining f which must be calculated from the  dimensions 
of the cavi ty ,  ignoring t h e  presence of coupling po r t s  or  probes, could 
easily account f o r  t h e  difference between theory and observation. The 
best method of accurately finding G s t i l l  appears t o  be the  per turbat ion 
measurement. 
0' 
Once G i s  known, changes i n  the  sample d i e l e c t r i c  constant may 
be r e l a t ed  t o  changes i n  the  cavi ty  resonant frequency and changes i n  
18 
the  r e l a t i v e  amount of microwave power absorbed i n  t h e  sample. 
s inusoidal ly  varying f i e l d ,  t h e  complex d i e l e c t r i c  constant may be 
expressed as 
In  a 
For a lossy  in su la to r ,  with E '  >> E " ,  it may be shown t h a t  a change i n  
the  d i e l e c t r i c  constant causes the  cavi ty  frequency t o  change according 
t o  the  r e l a t ion  
f -f 
- = E G  2 1  
f2  
where the  subscr ipt  2 denotes the  value of a quant i ty  a f t e r  t he  change 
has occurred. If the  change i n  E '  i s  s m a l l ,  t h i s  reduces t o  
The well  known expression f o r  microwave power absorbed i n  an 
in su la to r ,  when placed i n  a f i e l d  E with a frequency f is  e 
= oE2/2 = n f E " E 2  'abs e e 
The change i n  absorbed power due t o  a change i n  E" i s  simply r 
APabs = n f E  E2Acg 
o e  
12.71 
12.81 
Thus, AE" may be measured by determining the  power absorbed by the  sample. 
Baker28 shows t h a t  it a l s o  may be determined by measuring the  cavi ty  Q, 
using the r e l a t ion  
r 
19 
Q = [. + 2GQo Q0 E 1 
r -  
E 2  
12.91 
where Qo is  the  i n i t i a l  cavi ty  Q. 
COMPLEX DIELECTRIC CONSTANT THEORY 
The d i e l e c t r i c  constant of a mater ia l  i s  defined as the 
proport ional i ty  constant between the e l e c t r i c  f i e l d  
e l e c t r i c  f lux  density 9 within the  mater ia l ,  
and the resu l tan t  
3 ” E E Z  12.103 o r  
Within the  mater ia l ,  the  external  f i e l d  induces an e l e c t r i c  dipole moment 
whose density per u n i t  volume is  P , the  polar izat ion of the  mater ia l ,  
r e l a t ed  t o  E ,  8, and E by r 
9 = E z + ? = E Z + E X z  0 0 o e [2.11] 
where the  e l e c t r i c  susceptab i l i ty  x, i s  a measure of the  a b i l i t y  of the  
f i e l d  t o  induce polar izat ion i n  t he  mater ia l  and therefore  it depends on 
the physical propert ies  of the  material. The d i e l e c t r i c  constant and 
susceptab i l i ty  a re  r e l a t ed  by 
[2.12] 
0 
xe = E - 1 = i i /VEE r 
-f 
The quant i ty  M i s  the  t o t a l  dipole moment f o r  a sample of volume V 
the  material contains no permanent dipole moments due t o  o r i en ta t iona l  
po lar iza t ion  of molecules, f i  may be calculated by summing, for a l l  
charged p a r t i c l e s ,  the  products of the charge qi times the  displacement 
from equilibrium r * thus,  
I f  
+ 
i’ 
20 
-t M = & qi?i L2.131 
+ 
The expression f o r  r 
found by solving the  equation of motion 
i n  the presence of an i n t e r n a l  ac e,ectric f i e l d  i s  i 
-+ E d2; 
;I”Gz + f d t  m* m* 
I; & + & - 5 j w t  e  [2.14] 
where zieJwt i s  the  in t e rna l  f ield, .r  is  the  momentum relaxat ion t i m e ,  and 
m* i s  the  e f fec t ive  mass. 
free electrons4’. 
equation, and discarding the  t rans ien t  component, the  solution i s  
The relaxat ion t i m e  i s  given by f = m*p/e f o r  
After replacing k/m* with w2 5 0 ,  solving the  preceding 
0 
It i s  apparent t h a t  wo i s  the  na tura l  resonant frequency o f  t he  system. 
It w a s  shown i n  reference 27 t h a t  w i s  r e l a t ed  t o  the  energy E which 
binds the  charge t o  i t s  equilibrium posi t ion by the  r e l a t ion  
0 
[2.16] 
= 1 .70~1O~~(m/m* )E3 ( e V )  
The notation E(eV) means t h a t  t he  energy has t h e  u n i t s  of e lectron vol ts .  
Subst i tut ing Eq. [ 2.15 1 back i n t o  the  preceding expressions 
21 
To fur ther  simplify the  problem, we consider only changes i n  cr caused 
by moving a density of e lectrons among s i t e s  with d i f f e ren t  binding 
energies. Let t ing the  index j represent d i f f e ren t  possible states and 
An. represent the  n e t  density of e lectrons added t o  t h a t  energy s t a t e ,  
J 
we get  
If Acr = A&; - jAc:, the  real and imaginary p a r t s  are 
E2.201 
It is convenient a t  t h i s  point t o  assign a symbol t o  the bracketed 
quan t i t i e s  i n  the  preceding equations,  as follows: 
f2.211 
[2.22] 
B’ and B” represent t h e  r e l a t i v e  s i z e  of t h e  contribution t o  the  real 
and imaginary d i e l e c t r i c  changes due t o  a s ingle  e lectron at the  l e v e l  j .  
22 
Figures 11-1 and 11-2 are asymptotic approximations of t he  
9 var ia t ion  of B' and B" with electron binding energy f o r  w = 5 x 10 
and 5 x lo1' rad/sec, and f = 2 x and 2 x 10  sec ,  
assuming m*/m = 0.2. 
-10 
It has been shown i n  reference 27 t h a t  for t h e  
spec ia l  case of a f r ee  electron,  s e t t i n g  E = 0 = w gives the  same 
r e s u l t s  obtained by A r i ~ d t ~ ~  i n  t r e a t i n g  only the  free c a r r i e r  case. 
0 
Four regions of d i f f e r ing  behaviors appear i n  Figs. 11-1 and 
11-2. In  the  first,  f o r  l eve l s  with la rge  binding energies,  w i  >> w2 
and w 2  >> W/T,  so 
0 
B' = l / w i  12-23] 
B" = w2/,w4 12.241 
0 
Both B' and B" r i s e  as the binding energy drops. In  the  second region, 
however, B' decreases as the  binding energy i s  reduced, but B" stays a t  
a constant value. Here, U/T >> w2 and 
0' 
In  the  third region, seen only i n  B ' ,  t he  quant i ty  w2 - w2 goes from a 
pos i t ive  t o  a negative value. 
0 
The denominil;tor i s  s t i l l  control led by 
The fourth region applies fo r  very l i g h t l y  bound and free 
ca r r i e r s .  Since u2 >> u2 we f ind  
0' 
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r 
Here, B' is  negative,  as denoted i n  the  f igure  by the  dotted l i n e .  
In  cases where w > l / ~ ,  t he  second region does not appear. The - 
break between pos i t ive  and negative values of B' occurs at u2 = w2. 
0 
The r e s u l t  shows t h a t  i n  c rys ta l s  with low mobi l i t i es ,  bound 
c a r r i e r s  may have a l a rge r  value of B' than f r ee  ca r r i e r s .  For high 
mobility samples, B' f o r  free electrons i s  always larger .  
l a rge r  f o r  free ca r r i e r s .  The highest B' f o r  free ca r r i e r s  i s  available 
when w = l / ~ ,  but the  highest B" f o r  bound c a r r i e r s  i s  achieved at the 
highest  frequency. 
B" i s  always 
A combination of equations [ 2 . 6 ] ,  [2.19], and [2.21] now gives 
Af  = -1.59~10~~ 9 AnB' L2.311 
r 
i s  obtained from [2.8] ,[2.201 , and abs"o The measureable quant i ty  AP 
[2.221 as 
L2.323 AnB" "abs = e2 - -
0 mH 
0 
where the un i t s  f o r  An are m-'. 
ELECTRIC FIELD CONSIDERATIONS 
In  t h e  preceding discussion, t he  e l e c t r i c  f i e l d  which has 
been implied i s  the  l o c a l  f i e l d  i n  the  region of t he  individual  atoms 
or dipoles.  In  the  work reported i n  Chapter V,  the  ac tua l  value of  the  
l o c a l  e l e c t r i c  f i e l d  i s  not involved, and therefore  d is t inc t ions  between 
l o c a l  and applied f ie lds  are not required. I f ,  however, t h e  foregoing 
26 
equations which d i r ec t ly  involve the  e l e c t r i c  f i e l d  are  t o  be used, 
the  d i f f e ren t  types of e l e c t r i c  f i e l d s  ex is t ing  i n  the  insu la tor  must 
be considered. The l o c a l  f i e l d  differs from the  applied f i e l d  because 
of surface and volume dipoles induced i n  the  material by the  applied 
f i e ld .  
be considered i s  given by Wang4’. 
One luc id  explanation of t h e  e l e c t r i c  f i e l d  corrections which must 
The l o c a l  f i e l d  at a reference point 
i n  a d i e l e c t r i c  mater ia l  is  calculated by f i r s t  assuming t h a t  a n  imaginary 
spherical  boundary surrounds the  point.  The radius of the  boundary 
i s  chosen such t h a t  t he  region outside appears as a continuum with dielec- 
t r i c  constant E while the  atomic s t ruc ture  of the  region ins ide  the  
boundary must be taken i n t o  account. 
r’ 
The microscopic loca l  f i e l d  is  
given as the  vector sum 
E = E  0 1  + E  + Z 2 + E 3  
l oc  
[2.331 
where go i s  t h e  applied f i e l d .  
t he  polar izat ion charges inside t h e  spherical  boundary, i s  t h e  
depolarization f i e l d  due t o  charges induced on the  surface of t he  specimen, 
and $ 
known as t h e  Lorentz f ie ld” .  
Kitte151 describes 2 as the f i e l d  of 1 
2 2  
i s  the  contribution induced by charges on the  boundary, otherwise 3 
The microscopic in t e rna l  f i e l d  E. i n  the  d i e l e c t r i c  d i f f e r s  
1 
from the  l o c a l  f i e l d  i n  t h a t  Zi does not d i r ec t ly  include Eo. In  other  
words, 
The macroscopic e l e c t r i c  f i e l d  which exists within the  d i e l e c t r i c  i s  
denoted as Ee: 49 
* Wang and K i t t e l  use d i f fe ren t  notat ion;  t h a t  of Wang i s  followed here. 
2 = Eo + z2 e 
27 
12.341 
54 Nozieres and Pines have demonstrated i n  a quantum mechanical treatment 
of t he  d i e l e c t r i c  constants of so l id s  t h a t  microscopic l o c a l  f i e l d  
corrections are  not necessary f o r  highly polar izable  insu la tors  and 
semiconductors; t h a t  i s ,  Eq. [2.34] describes t h e  correct  l o c a l  f i e ld .  
The depolarizing f i e l d  z2 r e s u l t s  from charges induced on 
the  surface of the  sample. The component of 
( i n  p a r t i c u l a r ,  i n  t he  direct ion of t he  applied f i e l d )  i s  dependent 
on the  shape and or ientat ion of  t h e  sample i n  the  f i e ld .  
f ac to r  L accounts fo r  the  relat ionship between the  i n t e r n a l  polar iz ing 
f i e l d  and the  geometry of t he  sample r e l a t i v e  t o  the  ex terna l  f i e l d .  
It may be shown51 tha t  the  f i e l d  ze i s  r e l a t ed  t o  the  ex terna l  f i e l d ' g O  
and the  d i e l e c t r i c  polar izat ion ? by 
i n  any given direct ion 2 
The depolarizing 
ze = - Lif 
Values of L fo r  various geometries are given by Dresselhaus, Kip, and 
K i t t e 1 5 2 ;  t he  value ranges from 0 t o  1 / ~ ~ ,  depending on t h e  a x i a l  r a t i o  
of the  sample when it i s  t r ea t ed  as an e l l i p so id .  F o r  a t h i n  s l a b  o r  
d i sc  i n f i n i t e l y  extended i n  the  x and y d i rec t ions ,  L = 1 / ~  
f i e l d  is applied i n  the  z d i rec t ion ,  while t he  value is  1/3c0 f o r  a 
spherical  sample. 
ness-to-diameter r a t i o  less than 1 0  i s  a very d i f f i c u l t  problem, but 
t he  value c l ea r ly  should be close t o  1 / ~ ~ .  Any attempted cor re la t ion  
between photodielectr ic  behavior and t h e  ex terna l  f i e l d  m u s t  take the  
depolarization f i e l d  i n t o  account. 
PLASMA EFFECTS 
when the  
0 
The calculat ion of L f o r  a real sample with a thick- 
The preceding theory describes t h e  change i n  the  d i e l e c t r i c  
28 
constant brought about by a change of energy of a s ingle  ca r r i e r .  When 
the  effects of many c a r r i e r s  are taken together ,  t he  in te rac t ions  
52 955 between ca r r i e r s  must be considered. Dresselhaus, Kip, and K i t t e l  
have considered plasma e f f e c t s  i n  so l id s  with high free c a r r i e r  dens i t ies ,  
subjected t o  rf f ie lds .  They have shown tha t  t he  depolarizing e f f ec t  i s  
equivalent t o  a harmonic res tor ing  force,  with a force constant given by 
h e  Force Constant = 
( 1+Lx, 1 E2.351 
This t e r m  alters the  equation of motion f o r  e lec t rons ,  and the  ne t  
influence of plasma depolarization i s  taken i n t o  account by subs t i tu t ing  
w '  = w - w 2 / u  i n  place of  w i n  t h e  preceding equations,  where w 
t he  plasma frequency given by 
i s  
P P 
12.361 
Clearly w '  = w f o r  w << @(tha t  i s ,  f o r  low free c a r r i e r  dens i t ies .  ) 
P 
It i s  a l so  concluded55 tha t  the  behavior of minority ca r r i e r s  
i n  another band i s  not a f fec ted  by t h e  presence of the  majority c a r r i e r  
plasma. Since the  e f f e c t  of a plasma of f ree  e lectrons i s  t o  s t i f f e n  
the  e lec t ron  motion, we may conclude t h a t  t h e  behavior of trapped 
ca r r i e r s  i s  not a f fec ted  by the  plasma because the  motion of trapped 
ca r r i e r s  i s  already l imited t o  a very great  extent ,  and because the  
behaviors of t h e  two types of c a r r i e r s  are independent. 
Plasma e f f e c t s  a re  not considered fu r the r  here because 1 1 - V I  
compounds tend t o  have l o w  f r e e  c a r r i e r  dens i t ies  at low temperatures, 
even while illuminated. When the  rf frequency i s  about lo9  Hz, plasma 
29 
e f f e c t s  are not  appreciable u n t i l  n reaches about ~ m - ~ .  For 
discussions of plasma e f fec t s  i n  photodielectr ic  experiments, see 
Stonee6 and Baker 28 . 
CHAPTER I11 
Trapping and Recombination -
INTRODUCTION 
The preceding chapter described how the  red is t r ibu t ion  of 
e lectrons among t h e  energy states of a semiconductor can lead t o  a 
change i n  the  d i e l e c t r i c  constant. Electron dens i t ies  at  various 
energy leve ls  are  determined by the  propert ies  of the semiconductor, and 
i n  t h i s  chapter,  r e l a t ions  between dens i t ies  and other  parameters are 
developed. The equations presented are intended t o  represent l o w  temp- 
e ra ture  s i t ua t ions .  
The treatment w i l l  r e f e r  mainly t o  e lec t rons ,  but may be made 
applicable t o  holes by the usual obvious subs t i tu t ions  of n+p, mz+%, 
Ec+EV, e t c .  
t o  as t r aps ,  ra ther  than separating them i n t o  t r aps  and recombination 
centers as Bubel and Rose' normally do fo r  photoconductors a t  room 
temperature, because whether or not recombination takes place at a 
l e v e l  depends on many parameters not related t o  the  t r a p ,  such as the  
temperature. 
The d iscre te  leve ls  i n  the  forbidden band are a l l  referred 
Pioneering work on trapping and recombination i n  semiconductors 
was performed by Shockley and Read56 and H a l l 5 7 ,  and the  analysis  
1 presented here follows the  extension of t h e i r  work given by Bube . 
It is  assumed here t h a t  t he  divergence of the d r i f t  and diffusion 
components of t he  current density are negl igible .  
In  a photoconductor the  density of f r e e  c a r r i e r s  may be a l t e r ed  
i n  severa l  ways, as shown i n  f igure 111-1. Electrons may be added t o  
the  conduction band by op t i ca l  exc i ta t ion  from t h e  valence band o r  from 
a t r ap ,  or by thermal generation from a lower level. The density i s  
30 
Conduct ion  Band (Np, n ,  v,) 
31 
t 
t 
Va lence  Band ( N v ,  p, vp) 
F i g u r e  111-1. Gene ra l  model for  electron t r a p p i n g  and  r e c o m b i n a t i o n ,  
n e g l e c t i n g  direct band-to-band r e c o m b i n a t i o n .  The rate e q u a t i o n s  imp1 i e d  
a re -Et/kT 
a F  dn = T t T~ + ntvne - 'P tVnRnt  - "Nt-nt)vnSnt 
-Et/kT 
- Tc - pn v R - -  
t P  P t '  
- n(Nt-nt)vnSnt + T" - n v e  t dn t d t  
32 
decreased by recombination o r  through trapping. 
change of n ,  with terms l i s t e d  i n  the  order mentioned, i s  
Thus the  time r a t e  of 
-Et/kT 
- np v R - n(N -n )v  S [3.11 - -  at t n  t n n t  t t n n t  d n - ~ + n v e  
Here n,  p ,  and t r e f e r  t o  e lec t rons ,  holes ,  and t r a p s ,  respectively.  
T i s  the absorbed l i g h t  f l ux  density i n  photons/cm -see, v i s  the  
attempt-to-escape frequency, Et i s  the t r a p  depth measured r e l a t i v e  t o  
the  conduction band, v i s  the thermal veloci ty ,  S i s  the  capture cross 
sect ion of an empty t r a p ,  R i s  the recombination cross sect ion f o r  one 
type of c a r r i e r  a t  a l eve l  already containing the  other  type of c a r r i e r ,  
and N is  the  density of t raps .  It i s  assumed t h a t  all recombination 
occurs via t r aps  (or  recombination cen te r s ) ,  because a t  low c a r r i e r  
dens i t ies  and low temperatures, d i r ec t  band-to-band and Auger recombination 
are  not l i k e l y  processes . 
3 
t 
1 
Electrons may normally be added t o  shallow t raps  e i t h e r  by 
decay from the conduction band o r  d i r ec t  op t i ca l  exc i ta t ion  from the  
valence band. It i s  assumed t h a t  d i r ec t  exc i ta t ion  or  decay from other  
t r aps  and thermal generation from the  valence band a re  negl igible .  The 
density i s  decreased by thermal or o p t i c a l  exc i ta t ion  t o  the coalduction 
band o r  by recombination with a f r ee  hole. 
where the  terms are l is ted i n  the order mentioned, i s  
The ne t  r a t e  of change, 
-Et /kT 
= n(N -n )v S - n v e  - Tc - pn v R L3.21 - &t 
d t  t t n n t + T v  t n  t p P t  
If thermal emission t o  the  conduction band is  negl igible  f o r  
ca r r i e r s  i n  deep t r aps ,  t he  r a t e  equation i s  
33 
13-33 - -  - n ( N - n ) v S  + T  - T  - p n v R  &t 
t P P t  d t  t t n n t  v C 
where the  terms represent f i l l i n g  from the  conduction band, o p t i c a l  
exc i ta t ion  from the  valence band, op t i ca l  f reeing,  and recombination 
by hole capture. 
The quant i t ies  V ,  v, and N may be expressed i n  terms of the  
C 
o ther  parameters as follows : 
v = N v S  n c n n t  
112 
v = (%) 
312 
Nc = 2 ( y )  
c3.41 
13.53 
13.61 
All other  parameters have the usual meanings. 
It i s  qui te  d i f f i c u l t  and not advantageous t o  solve equations 
13.11 through 13.31 fo r  the  general  case. 
solved f o r  ce r t a in  spec ia l  cases i n  which simplifying assumptions m y  
be made. 
and n -f 0, so t h a t  a t  t = 0, 
They are  more usefu l  when 
The i n i t i a l  value of dn/dt i s  e a s i l y  found by l e t t i n g  nt -f 0 
The ea r ly  t i m e  var ia t ion  of n i s  given by 
- t / T  
n = TrL(l - e L, 13.71 
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where T = 1/N v S 
e x i s t s ,  T 
products. 
I f  more than one t r a p  or recombination l e v e l  L t n n t '  
i s  corrected by replacing NtSnt with the  sum of the NS L 
When the steady state i s  reached and only one electron t r a p  
dominates i n  the behavior, dn/dt = 0 and 
-E, /kT 
I, T + n v e  n =  t n  
-n >v s ('t t n n t  
The i n i t i a l  var ia t ion  of nt i s  a l so  e a s i l y  found when nt i s  
very s m a l l .  
--t/.rL 
n = T[t  - . r L ( l  - e 11 t 13.91 
This expression is  va l id  f o r  cases when recombination at the  t r a p  by 
hole capture and thermal f reeing a re  negl igible  and the  t r ap  i s  not near 
saturat ion.  A t  steady s t a t e ,  
n/TL 
n =  t -Et /kT 
nvnSnt+pv R +v e 
P P t  n 
l3.101 
Further s implif icat ions result f o r  spec ia l  cases. I n  the 
following sect ions,  combinations of  d i sc re t e  states are assumed and 
analyzed; t h e  combinations a re  those expected t o  be encountered i n  
photodielectr ic  experiments at low temperatures. 
SINGLE ELECTRON TRAP 
If only one shallow electron s t a t e  e x i s t s  i n  the forbidden band, 
and both the  temperature and band gap l i g h t  i n t e n s i t y  are low, t he  
35 
photogenerated electrons a re  quickly trapped and soon recombine with 
f r ee  electrons.  
and f a s t  recombination keeps nt << Nt ,  equation [3.7] is  always va l id ,  
and a f t e r  a few TLhave elapsed, n = T T ~ .  
i s  applicable i s  shown i n  f igure 111-2. 
I f  t he  t r a p  i s  deep enough t h a t  T >> ntvnexp(-Et/kT) 
The energy l e v e l  diagram which 
Equation i3.91 fo r  n is  va l id  only as long as recombination t 
i s  negl ig ib le ,  which i s  a very shor t  time. However, steady s t a t e  is  
es tab l i shed  within a few microseconds, with all of the photogenerated 
c a r r i e r s  going 
p = nt;  thus 
t o  supply the  recombination. Since p = n + n and n >> n, t t 
T = n2v R 13.111 
t P P t  
T n2v R 
'tvnSnt NtVnSnt 
n =  t P P t =  L3.121 
L3.131 
where n (a) i s  the steady s t a t e  value of nt. 
the  decay of n i s  exponential with a decay time of T = (Nt v nS n t  )-I* * 
When the  l i g h t  i s  removed, t 
- t / r  n ( t )  = n(-)e 
The decay of nt follows equation [3.2] with a l l  but t he  last term 
negl ig ib le ;  the solut ion is  
nt C-l 
nt't' = 1 t [nt(=)vpRpt]t 13.141 
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Figure 111-2. 
electron trap exists in the forbidden band. Sub-bandgap optical excitation 
is  neglected. The rate equations are 
Shown i s  the energy level model for use when only a single 
-Et/kT 
- p n v R  
t P p t *  
dnt n(N -n > v  S - n u e dt= t t n n t  t n  
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Application of sub-bandgap l i g h t ,  which exc i tes  e lectrons 
from the  valence band t o  t h e  t r a p ,  a l t e r s  t he  rate equations by placing 
the  T t e r m  i n  equation [ 3.21 ra ther  than i n  Eq. [ 3.11. A t  equilibrium 
-Et /kT 
n = [3.151 
Eq. [3.13] is  s t i l l  correct for  nt. 
When t h e  l i g h t  i s  removed and thermal exc i ta t ion  from the  t r ap  
t o  t h e  conduction band becomes important, t he  second term of Eq. C3.11 
predominates and Eq. [3.15] i s  then the  correct  expression f o r  n(==). 
In  t h a t  case,  t h e  decay of n i s  governed by the replent ishing from the 
t r a p ,  and the decay time i s  
1 -Et /kT 13.161 
A l l  parameters of the  t r a p  may be calculated from data taken 
from the equilibrium o r  decay conditions given i n  t h i s  section. Assuming 
n ( t ) ,  n t ( t ) ,  and T ( t )  are  known, Eq. [3.11] gives R 
measuring n(m) at two d i f fe ren t  temperatures and a l t e r i n g  Eq. i3.151 as 
Et i s  found by 
Pt  
follows : 
L+-- -e,(n) =&q) 1 
C c2 
13.1’71 
Then N comes from Eq. t3.151. If  thermal emptying of the  t r a p  i s  
negl ig ib le ,  St i s  found from Eq. t3.121, while E¶. E3.163 i s  used when 
the  emptying i s  not negligible.  
t 
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SINGLE ELECTRON TRAP AND SINGLE 
SEXKCTIZING CENTER WITH SLOW HOLE TRAPPING 
Some c rys t a l s  have sens i t i z ing  centers with a large capture 
csoss sec t ion  f o r  holes and a s m a l l  subsequent capture cross sect ion f o r  
e lectrons.  Photogenerated holes may e i t h e r  be trapped a t  t he  sens i t i z ing  
center or recombine y i t h  trapped e lec t rons ,  where we assume t h a t  d i r ec t  
band-to-band recombination i s  negl igible .  The r e l a t i v e  f rac t ion  of holes 
which proceeds t o  each l e v e l  depends on the  density of empty s i t e s  and 
the  cross sect ion governing the  entrance of holes i n t o  the  level .  A 
portion of the  photogenerated holes recombines quickly, but those which 
are trapped cannot i n t e rac t  with electrons again u n t i l ,  they are thermally 
or opt ica l ly  freed. The electrons remain i n  the  t r aps  and the  conduction 
band, with t h e  r e l a t ive  density i n  each being determined by the propert ies  
of t h e  t rap .  The s i tua t ion  i s  pictured i n  f igure 111-3. 
The r a t e  equations for  f r ee  holes and trapped holes are 
Pt-pt)v S - pn v R 
P p t  t P P t  
r3.181 
Here, P represents t h e  density of hole t raps .  
s m a l l ,  p has the form 
A s  long as pt and nt are  t 
- t / T  
p = TT (1 - e 
P 
13.201 
where T = (PtvpSpt)-l. Therefore, pt i n i t i a l l y  rises at a constant rate, 
after a f e w  T have elapsed: 
P 
P 
pt = T t  f3.211 
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Figure 111-3. 
electron trap and a single sensitizing center with slow hole trapping 
exist. 
the sensitizing center, and sub-bandgap optical excitation are neglected. 
The rate equations for  electrons are 
Shown i s  the energy level model for use when a single 
Recombination a t  the sensitizing center, thermal emission from 
-Et/kT 
- p n v R  t t n n t  t n  t P P t *  
dn t dt= n(N -n ) v  S - n v e 
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The i n i t i a l  var ia t ion of n i s  given by 
- t / T n  
n = T T ~ ( ~  - e 1 [3.221 
and T = (NtvnSnt)-l. The early var ia t ion  of n assuming negl igible  n t ,  
thermal f reeing compared t o  T and constant values of n and p ,  i s  
where t h e  i n i t i a l  response time T , given by i 
T = P v S  / T v R  i t p p t  n p t  [3.24] 
can e a s i l y  be many hours a t  l o w  l i g h t  leve ls .  
fur ther  s implif ied by using the  s e r i e s  expansion f o r  e-t’Ti and keeping 
only the  first terms, 1 - t / . r i .  
For t << T ~ ,  nt may be 
This gives for the  ear ly  var ia t ion  of nt ,  
The only time steady state i s  possible with t h i s  model occurs 
when the  hole t raps  sa tu ra t e  and p rises t o  a high enough value f o r  
(pn v R 
equal t o  zero i n  Eq. [3.$8] and Eq. L3.191. If the  electron t r aps  
sa tura te  before the  hole t r a p s ,  t he  excess e lectrons remain i n  the 
conduction band. This would allow band-to-band recombination t o  become 
important, and the  rate equations given f o r  n and p would no longer be 
valid.  
) t o  balance T ;  t h i s  i s  seen by s e t t i n g  dp /d t  and dp/dt t P P t  t 
Assuming n i s  s t i l l  small when the  hole t r aps  saturate, the  
following steady state conditions hold: 
4 1  
-Et /kT 
p n v R  = T = n ( N - n ) v S  - n v e  13.261 t P P t  t t n n t  t n  
L3.271 - Pt - P t  
n + nt = p + pt 13.281 
m e n  the  l i g h t  i s  removed a f t e r  sa tura t ion ,  the  excess holes 
i f  ) - 1  quickly recombine; t he  decay i s  exponential with T 
n >> p so that nt does not change appreciably. 
conduction electrons are trapped, and the  density of f ree  e lectrons 
reaches t h e  value 
= (n v R 
L t P P t  
Meanwhile, t h e  excess t 
-Et/kT 
N n e  c t  n =  
(Nt-nt) 13.291 
The response time for t he  decay of n i s  the  inverse of the probabi l i ty  of 
escape from the  t r a p ,  which i s  given by 
-Et /kT 
Probabi l i ty  = N v S e = l / T d  c3.301 c n n t  
The decay i s  exponential i f  t he  number of e lectrons involved i n  the  decay 
i s  s m a l l  compared t o  n t '  
Parameters of both t r a p s  may be calculated from values of T ,  n ,  
and n taken fo r  the  s i t ua t ions  discussed above. E and N are  found by 
applying Eq. [ 3.291 at two o r  more temperatures ; Et may also be found by 
rewri t ing Eq. [3.30] as 
t t t 
Et = kT &(T N v S ) d c n n t  l3.311 
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U s e  of Eq. [3.31] with data 
n t '  and s 
The density Pt i s  
t from two d i f fe ren t  temperatures gives E 
found d i r ec t ly  from Eq. [3.27] and Eq. 13.281 
when the  hole t r aps  are saturated.  The values of S and R are found 
using Eqs. L3.231 and [3.241 t o  analyze the  early- var ia t ion  of nt. 
The i n i t i a l  f r ee  e lec t ron  l i fe t ime i s  1/(N v S 
P t  P t  
) according t o  Eq. 13.221; t n n t  
t h e  l i fe t ime and decay t i m e  are  related by 
SINGLE ELECTRON TRAP AND SINGLE 
SENSITIZING CENTER WITH FAST HOLE TRAPPING 
If the  hole t raps  have a high densi ty  and la rge  capture cross 
sect ion for holes,  and the  t r a p  i s  separated from the  valence band by 
many kT, t he  f ree  hole density during i l lumination can not become 
s igni f icant  u n t i l  t he  t raps  are saturated.  A s  a consequence, recombination 
e f f ec t s  a t  e lec t ron  t r aps  may be neglected p r i o r  t o  the  sa tura t ion  of 
hole t raps .  Under these conditions,  Eqs. [3.21], [3.22], and [3.25] are 
va l id  u n t i l  sa tura t ion  i s  reached. A f t e r  sa tura t ion  has been reached, 
t he  remainder of t he  analysis  i n  the  preceding sect ion holds t rue .  
Figure 111-4 i l l u s t r a t e s  t h e  s i t ua t ion .  
If Pt > N t ,  t h e  density nt f o r  deep electron t r aps  r i s e s  
l i nea r ly  with t i m e  u n t i l  sa tura t ion  i s  approached. The current  remains 
at  a constant l o w  value and then begins r i s i n g  a t  a l inear  rate when 
sa tura t ion  comes. If a shallow t r a p  i s  present ,  i t s  electron occupancy 
a l so  increases l i n e a r l y ,  b u t  t h e  current has both constant and l i n e a r l y  
r i s i n g  components; t he  rate of grovth j q s  upward when sa tura t ion  i s  
achieved. When the t r a p s  are a l l  f i l l e d  and the  l i g h t  i s  removed, t he  
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Conduction Band ( N c ,  n ,  vn )  
Figure 111-4. Shown is  the energy level scheme for use when a single 
electron t r a p  and a single sensitizing center w i t h  fast  hole trapping 
exist. Direct band-to-band recombination, thermal emission from the 
sensitizing center, and sub-bandgap optical excitation are neglected. 
The rate equations fo r  electrons are 
-Et/kT - -  dnt - n(Nt-ntt)vnSnt - ntvne 
d t  
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current does not decay because recombination of e lectrons with trapped 
holes i s  not favorable. 
If  N > Pt, both types of t r aps  fill at the  constant electron- t 
hole generation rate u n t i l  p 
a f t e r  t h a t  t i m e  prevents the electron t raps  from f i l l i n g  completely, 
2 Pt. The a v a i l a b i l i t y  of free holes t 
because of the  fast recombination. For t h i s  reason, the  free hole density 
remains s m a l l .  Electrons i n  the  conduction band and shallow t r aps  decay 
i n t o  deeper t r aps  when t h e  exc i ta t ion  i s  removed. 
I f  e lectrons are removed from a t r ap  by long wavelength l i g h t ,  
the  excess density of f r ee  e lectrons i s  An = T T ~ ,  where l / ~ ~  - 
and An decays exponentially with a cha rac t e r i s t i c  time of T 
-n > v  s - (Nt t n n t '  
when the  l i g h t  L 
i s  removed: 
L - t / T  An(t) = Anoe 
I f  severa l  e lectron t raps  e x i s t ,  e lectrons i n  the  shallow 
t raps  decay in to  deep t r aps  when the  exc i ta t ion  i s  removed. The 
response time of t h i s  red is t r ibu t ion  i s  gaverned by the  rate at  which 
L' electrons leave the t r a p s ,  and is given by Eq. [3 .30]  since T 
SLNGL8 ELECTRON TRAP AND SINGLE HOLE TRAP 
>> T 
d 
If both hole t r aps  and e lec t ron  t r aps  e x i s t ,  recombination 
is possible at both leve ls .  
very d i f f i c u l t  t o  work with. 
after making extensive assumptions. 
reference i s  when recombination i s  very fast f o r  one type of c a r r i e r  and 
r e l a t ive ly  slow f o r  t h e  other  type. This case may be t r ea t ed  as an 
extension of the  previous sect ions if we assume t h a t  free holes are 
quickly trapped or recombine with trapped electrons.  Free electrons 
have a much grea te r  probabi l i ty  f o r  being captured a t  e lectron t r aps  
The rate equations a re  a l l  non-linear and 
1 Bube t r e a t s  severa l  cases of t h i s  s i t ua t ion  
A s i t ua t ion  not t r e a t e d  i n  t h a t  
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Valence  Band (Nv, p,  vP)  
F i g u r e  111-5. Shown is t h e  e n e r g y  l e v e l  model for use when b o t h  h o l e  and 
e l e c t r o n  t r a p s  exist. Direct band-to-band r e c o m b i n a t i o n ,  t he rma l  e m i s s i o n  
from t h e  h o l e  t r a p ,  and  sub-bandgap o p t i c a l  excitation are n e g l e c t e d .  The 
rate e a u a t i o n s  are 
-Et/kT 
- -  - n(N -n ) v  S - nptvnRnt dn - T + ntvne d t  
- =  dnt n(Nt-nt)vnSnt - ntvne d t  
* = T - pn v R 
d t  t P P t  
d t  
t t n n t  
-Et/kT 
-pn v R t P P t  
- p ( ~ ~ - p ~ ) v ~ ~ ~ ~  
- -  d p t  - P ( P t - P t ) v p S p t  - "PtVnRnt. 
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than fo r  recombining w i t h  trapped holes .  
i n  f igure 111-5. 
The energy band model appears 
The e f f ec t  of slow recombination at hole t r aps  i s  t o  include 
a s m a l l  subtract ive term i n  the  rate equation f o r  n. It leads t o  no 
s ign i f i can t  changes i n  t h e  i n i t i a l  rise, exc i ta t ion  steauy state,  and 
ear ly  decay re la t ions  f o r  the c a r r i e r  densi t ies .  It does a f f ec t  t he  
long term decay, however, where the  rate of decay is  
-Et /kT 
- n(N -n >v  S - np v R i3.331 dn - = n v e  d t  t n  t t n n t  t; n n t  
If p = 0 and n < <  nt,  n = p t t  and the  solut ion t o  Eq. E3.331 i s  
-Et/kT - t / T r  
n = n N v S  e ~e t c n n t  r 13.341 
-. 1 
- ~ ) v s  + n v ~  ] l3.351 r = [(Nt t n n t  t n n t  where 
Eq. [3.34] i s  equivalent t o  Eq. c3.291 when recombination a t  the hole 
t r a p  i s  negl ig ib le ,  and T reduces t o  the  free e lec t ron  l i fe t ime.  r 
In  the  more special ized case where thermal f reeing from the 
electron t r aps  is negl igible  and those t raps  are saturated,  the  decay 
of n i s  given by 
-(n v R >t t n n t  n = n e  
0 
C3.361 
When the model discussed above appl ies ,  parameters of the e lec t ron  t r a p  
are found as before. The recombination cross sec t ion  at the  hole t r a p  
i s  found by analyzing the d e c w  of n according t o  Eq. [3.34] or Eq. r3.361. 
RETRAPPING 
When retrapping of thermally freed c a r r i e r s  is  important, it 
is  necessary t o  cor rec t  t h e  rate equation f o r  n Spec i f ica l ly ,  the thermal t‘ 
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emission r a t e  , 
-Et/kT 
= - n v e  f3.371 
t n  
m u s t  be mult ipl ied by the  probabi l i ty  t h a t  the c a r r i e r  w i l l  recombine. 
The t r ans i t i ons  involved are shown i n  f igure  111-6. The recombination 
probabi l i ty  i s  given by 1 
PtRnt R.P. = 
PtRnt + INt-nt)Snt 
ntRnt  
n t (Rnt  -s n t  ) + NtSnt R.P. = 
l3.381 
13.391 
The correct  expression t o  subs t i t u t e  for t he  thermal emission r a t e  i s  
-E+ /kT 
-nZR v e t n t  n - [$] XheJzrnd nt(Rnt-Snt) +'N t S n t  13.401 
-S ) >> NtSnt,  it must a l so  be t r u e  that  R >> S so When nt(Rnt n t  n t  n t  ' 
equation [3.40] reduces t o  E3.371. For NtSnt >> n ( R  -S ) ,  the behavior t n t  n t  
Under these conditions,  when an electron t r a p  f i l l s  
f3.411 
from the  conduction 
band and retrapping i s  allowed, the steady s t a t e  value of  nt i s  
'I2 Et/2kT 
e 
NcvnRnt 
13.423 
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Figure 111-6. 
must be considered. 
i s  ntvnexp(-Et/kT), whereas the net rate, corrected for  retrapping i s  
Shown are the transitions involved when retrapping effects 
The gross thermal emission rate from the electron trap 
- .  
-n tRntvn  e -E t /kT 
- 
(dnt’dt)thermal NtS,t 
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The decay of n follows t h e  r e l a t i o n  t 
n,(m) 
n =  --Et / kT 
t t n n t  
The t i m e  required f o r  n t o  decay t o  1/2 nt(m) is therefore  t 
i3.431 
The equilibrium value of n i s  given by Eq. [3 .8] ,  a f t e r  cor rec t ing  for 
retrapping and allowing f o r  recombination, r e su l t i ng  i n  
-Et /kT 
T - n2R N e n =  t n t c  
PtVnRnt NtSnt  
c3.451 
When the  free c a r r i e r  l i f e t ime  i s  primarily determined by recornbination, 
such t h a t  ptvnRnt >> N v S 
t o  f i n d  R N t ,  and pt from measurements of n ,  n and T. It i s  
important t o  remember t h a t  pt i s  the  densi ty  of recombination centers ,  
which means t h a t  i t  cons is t s  of  t h e  pa r t  of t h e  t o t a l  hole t r a p  density 
Eqs. l3.421, E3.441, and [3.45] may be used t n n t ’  
n t ’  t 7  
which has captured a hole and i s  ready t o  capture an e lec t ron .  
CHAF'TER IV. 
EXPERIMENTAL TECHNIQUES 
The accuracy and s e n s i t i v i t y  of t h e  experiments described i n  
Chapter V are determined primarily by the  l i m i t s  of the  equipment used t o  
make the  measurements. This chapter l i s t s  the  apparatus employed i n  the  
standard and photodielectr ic  experiments and describes equipment l i m i t a -  
t ions .  Character is t ics  of t h e  semiconductor samples a re  given first.  
SEMICONDUCTOR SAMPLES 
Except fo r  the CdS:Al powdered sample, a l l  samples used i n  the  
experimental work described here are s ingle  c rys t a l s .  The C d S : A l  was ob- 
3 ta ined from Texas Instruments i n  the  form of a large (% 1 cm ) i r r egu la r  
s ing le  c r y s t a l  chunk. The presence of aluminum w a s  confirmed by neutron 
act ivat ion analysis performed i n  the  University o f  Texas Nuclear Reactor 
Laboratory. The CdS:Al sample w a s  prepared by cu t t ing  a wafer from the 
chunk with a diamond s a w .  Next, a c i r cu la r  shape was obtained using an 
ul t rasonic  gr inder ,  and then the surfaces were lapped and polished t o  a 
smooth, glassy f in i sh .  When it w a s  judged t o  be necessary, the  sample w a s  
cleaned i n  boi l ing  trichloroethylene and etched i n  d i l u t e  hydrochloric 
acid. Some physical cha rac t e r i s t i c s  of a l l  of the  samples are l i s t e d  i n  
Table IV-1. 
The CdS:Ag w a s  a l so  obtained from Texas Instruments, but  it was 
supplied i n  t h e  form of a highly polished, i r r egu la r ly  shaped piece with 
p a r a l l e l  faces.  The sample shape w a s  not a l t e r ed  because it i s  roughly 
c i r c u l a r  and it w a s  desirable  t o  preserve the  excel lent ly  prepared sur- 
face. Since no excess material ex is ted ,  no neutron act ivat ion analysis  
could be performed. 
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Both C d S  samples were heat t r ea t ed  by placing them i n  separate 
evacuated quartz ampoules and keeping them at % 5OO0C for  several  days, 
a sens i t i za t ion  technique reported by 
process creates  sulphur vacancies which donate e lectrons t o  compensate 
nat ive acceptor levels. I n  both samples, no new leve ls  w e r e  detected 
after the  heat  treatment,  but de f in i t e  improvements i n  s e n s i t i v i t y  oc- 
curred, ind ica t ing  t h a t  the  treatment simply increased the  density of a 
defect. which had ex is ted  before t h e  heating w a s  performed. 
It i s  believed t h a t  t h i s  
The CdTe and ZnTe materials were both purchased from the  A.D. 
Mackay Company i n  t h e  form of l a rge ,  i r r egu la r  chunks of  about 1 em3 vol- 
ume. Attempts t o  cut s l i c e s  from the  chunks proved t o  be unsuccessful, so  
samples w e r e  obtained by cleaving o f f  p l a t e s  about 2 mm thick.  I n  both 
cases,  t he  cleaving produced i r r egu la r ly  shaped samples with uniform thick- 
nesses and glassy faces ,  so no polishing or etching was performed. Both 
mater ia ls  were c l a s s i f i ed  as "ultra high purity" by the  supplier.  
The powder sample of CdS:Al was obtained by crushing a s m a l l  
amount of mater ia l  l e f t  over from t h e  process of shaping t h e  CdS:Al s ing le  
c r y s t a l  sample. The resu l tan t  powder consisted of grains estimated t o  be 
about t h e  s i z e  of grains of #400 lapping powder. The powder w a s  wetted 
with t r ichloroethylene which acted as a temporary binder,  while the  ma- 
t e r i a l  was  t ransfer red  t o  a 1 cm diameter, 2 mm th i ck  g lass  d i sc  and 
tamped t o  encourage s e t t l i n g .  The t r ichloroethylene w a s  then completely 
evaporated by warming the  g lass  d i sc ,  and a t h i n  film of Krylon brand 
crystal c l e a r  spray coating w a s  applied as the  permanent binder. I n  t h e  
cha rac t e r i s t i c s  l i s t e d  i n  Table I V - 1 ,  t he  contributions due t o  the  g lass  
s l i d e  have been subtracted out.  
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LIGHT SOURCES 
The l i g h t  used i n  t h e  experiment described i n  t h e  next chapter 
w a s  obtained primarily from one of two monochromators. The first is  a 
Gaertner monochromator u t i l i z i n g  a sodium chloride prism, with a useful. 
range of 0.58911 t o  12.011. The other  is  a Bausch and Lomb gra t ing  mono- 
chromator covering the  range from 0.211 t o  0.7511. 
and output s l i t s  which were used t o  control  the  in t ens i ty  and bandwidth 
of t h e  l i g h t .  
Each has var iable  input 
Two white l i g h t  sources were avai lable  2s sources fo r  the  mono- 
chromators. For v i s ib l e  and near in f ra red  wavelengths a 500 w a t t  type DHN 
project ion lamp w a s  adapted t o  e i t h e r  instrument. 
adjusted with a var iable  transformer and it w a s  operated at 115  VAC. 
showed t h a t  about 10  minutes of warm-up w a s  required before t h e  lamp out- 
put s t ab i l i zed ,  and thus a warm-up period w a s  allowed. Forced a i r  cooling 
w a s  used t o  prevent over-heating. The lamp spectrum approximates the  spec- 
trum of a 2000'K black body when it i s  operated at 115 VAG. 
The lamp voltage w a s  
T e s t s  
Since t h e  g lass  envelope of the  project ion lamp absorbs wave- 
lengths above about 311, it w a s  necessary t o  use a Perkin-Elmer globar t o  
obtain t h e  longer inf ra red  wavelengths. When operated a t  5.2 amps, it fur- 
nishes 200 w a t t s  i n  a spectrum approximating a 1400'K black body. The 
globar a lso requires  about a 1 0  minute warm-up period before it s tab i -  
l i z e s ,  and water cooling i s  required. 
A t h i r d  source of l i g h t  used w a s  a Spectra Physics 125 helium- 
It w a s  employed both i n  exci t ing t h e  neon laser operating at 0.632811. 
samples and i n  ca l ibra t ing  t h e  wavelength se t t i ngs  of t h e  monochromators. 
The maximum output obtainable from the  l a s e r  i s  about 16 mw, and t h e  
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power l e v e l  w a s  control led by in se r t ing  a p a i r  of ro t a t ing  polar iz ing 
f i l ters i n t o  the  beam. 
LIGHT CALIBRATION 
Light i n t ens i ty  measurements were made using an Eppley s ixteen 
junction Ag-Bi thermopile monitored w i t h  a Hewlett-Packard 425 microvolt- 
meter. The thermopile w a s  c a i b r a t e d  against  an NBS standard somce a t  
both microwatt and m i l l i w a t t  i n t e n s i t i e s  by the  manufacturer. Both quartz 
and barium f luor ide  windows were avai lable .  
To measure the  amount of l i g h t  reaching a sample, a s i l i c o n  
solar c e l l  was  placed i n  the  posi t ion normally occupied by the sample, the  
l i g h t  w a s  turned on, and the  so lor  c e l l  current w a s  noted. Next t he  c e l l  
was placed i n  f ront  of t he  output s l i t  of the monochromator and the input 
w a s  adjusted u n t i l  the  c e l l  gave the same current reading seen before. 
Then the  thermopile w a s  subs t i tu ted  fo r  the so l a r  c e l l ,  and the  power l e v e l  
w a s  obtained. Five readings were obtained, and the average value w a s  taken 
t o  be the  correct  value. The individual  readings tended t o  be within 2% of 
the  average value, and from one day t o  the  next,  r epea tab i l i t y  w a s  excel- 
l en t .  
OPTICAL ABSORPTION MEASURFSIENTS 
For measuring o p t i c a l  absorption by the  sample a t  room tempera- 
t u r e ,  a spec ia l  sample holder i s  attached t o  the  monochromator. The spec- 
i a l  holder allows two masks with one s m a l l  hole i n  each t o  be placed be- 
tween the  monochromatic l i g h t  source and the  detector .  A s  the  wavelength 
i s  var ied,  t he  detector  output i s  recorded. Next, the  sample i s  placed be- 
tween the  masks so t h a t  l i g h t  passing through t h e  two holes must a l so  pass 
through t h e  sample, and the  detector  output i s  again recorded. Point-by- 
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point d iv is ion  of  t he  second value by the  first gives the  f r ac t ion  of' t h e  
l i g h t  which i s  t ransmit ted,  T. The f r ac t ion  absorbed, A ,  i s  r e l a t e d  t o  T 
by 
A = (1 - T )  (1 - R )  [4.11 
where R i s  the  r e f l e c t i o n  coef f ic ien t .  R depends on t h e  index of refrac-  
58 t i o n  n 
2 2  (n  - 1) + k 
( n  $. 1)2 + k2 
R =  
Here, k i s  t h e  ex t inc t ion  coe f f i c i en t ,  r e l a t ed  t o  t h e  absorption coef f i -  
c i en t  a by 
ah 
4;; k =  C4.31 
It may be shown58 t h a t  k has a negl igible  e f f e c t  on R ,  except f o r  some 
cases of s t rong bandedge absorption. 
The accuracy of t h e  absorption technique i s  l i m i t e d  by the  con- 
s t a n t  bandwidth-power output cha rac t e r i s t i c  of t he  monochromator. To al- 
l o w  f o r  enough l i g h t  through the  sample t o  be measured, the  output s l i t  
m u s t  be opened t o  0.5 t o  1.0 mm, which results i n  an op t i ca l  bandwidth of 
about 1%. 
smoothed out.  
This means t h a t  f i ne  s t ruc tu re  i n  absorption tends t o  be 
PHOTOCONDUCTIVITY AND TSC MEASUREMENTS 
A l l  experiments requir ing ohmic contacts t o  the  samples were 
performed i n  a spec ia l  evacuated sample holder,  shown i n  Fig. IV-1 .  Light 
i s  appl ied t o  the  sample by aiming the  beam down t h e  l a rge  polished s t a in -  
less s teel  tube. The length and diameter of the  tube,  and t h e  pos i t ion  of 
t he  sample i n  r e l a t i o n  t o  t h e  end of t he  tube,  are designed t o  dupl icate  
t h e  o p t i c a l  system f o r  i l luminat ing samples i n  the  microwave cavi ty ,  which 
i s  discussed i n  one of t he  following sect ions.  Measurements revealed t h a t  
I1 lumi nation Tube 
Teflon 
Bias Contact 
Spring Contacts 
Figure IV-1 a Evacuated Sample Holder. 
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no differences i n  transmission cha rac t e r i s t i c s  were discovered between 
the  two systems. 
Light is introduced i n t o  the  s t a i n l e s s  s teel  tube through a 
shutter-mirror-window assembly which is  s l ipped over t he  protruding end 
of t h e  tube and held securely i n  posi t ion with mechanical stops.  The 
shu t t e r  i s  used i n  making decay measurements and fo r  keeping unwanted 
l i g h t  a w a y  from the  sample. The s i l v e r  f i r s t - sur face  mirror i s  r i g i d l y  
mounted at 45' t o  convert the horizontal  beam emerging from the  l i g h t  
source t o  a v e r t i c a l  beam. A 2 mm th ick  barium f luoride window, with f l a t  
transmission charac te r i s t ics  from 'L 0.2 1-1 t o  'L 12 )-I i s  used t o  allow the  
sample holder t o  be evacuated; the  vacuum port  i s  a l so  located i n  t h e  
shutter-mirror-window assembly, and a l l  vacuum sea ls  are  made with O-rings. 
The bottom ha l f  of the  sample holder,  t o  which the  sample i s  
mounted, i s  removable t o  allow fo r  easy maintenance and rapid sample 
changes. The vacuum s e a l  i s  preserved with an O-ring, and brass machine 
screws with heavy lock washers hold the  two halves together and keep pres- 
sure  on the  seal. The sample rests on a pad of indium o r  other su i tab le  
contact metal ,  which i s  the  cathode, and it i s  held i n  place by several  
indium p la t ed  brass spr ing f ingers  which form the  other electrode. A 
spring loaded contact i s  connected t o  t h e  f ingers  with a short  f l ex ib l e  
w i r e ,  and t h e  b i a s  c i r c u i t  i s  completed when the  spring contact engages 
the  socket b u i l t  i n t o  the  roof of the  sample holder. 
When TSC experiments are performed, heat  i s  provided by a s ingle  
50 VDC, 50 W Watlow s i l i cone  rubber heater  clamped t o  t h e  sample holder. 
Heater power is obtained from a Kepco power supply control led by a clock 
driven var iab le  r e s i s t o r .  Over a period of two years,  t h e  hea ter  has 
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shown no s ign of aging or degradation, and the heating scheme gives re- 
peatable temperature vs. t i m e  p ro f i l e s ,  The sample temperature i s  moni- 
to red  with a chromel-alumel thermocouple inser ted  i n  a hole d r i l l e d  from 
t h e  outs ide of the  sample holder t o  a posi t ion beneath the  sample. D w -  
ing  warming, f r o s t  formed on the  holder m e l t s  within a two-second in t e r -  
va l ,  ind ica t ing  the  temperature difference between any two points  on the  
holder never exceeds about 1°K.  The sample i s  cooled by completely sub- 
merging the  holder assembly i n  l i qu id  nitrogen or p a r t i a l l y  submerging it 
i n  l i q u i d  helium; the  O-ring is  not e f f ec t ive  i n  sea l ing  out l i q u i d  helium. 
The sample i s  biased with e i t h e r  a 6~ or 67v .bat tery,  and the  
current i s  measured with a Hewlett-Packard 425 picoammeter and p lo t t ed  
with a Moseley X-Y recorder whose v e r t i c a l  axis is  driven by t h e  output of 
the  HI? 425. 
base or  the  thermocouple voltage. 
rout ing it i n  m e t a l  tubing and using Beldfoi l  shielded s t r a i n  gauge cable 
for  t h e  f l ex ib l e  connections. The leakage resis tance of the e n t i r e  bias- 
ing network i s  'L 1013 ohms; the  measurement l i m i t  of t he  HP 425 i s  Q 1 0  
amps, and these two fac tors  determine the  s e n s i t i v i t y  of the system. 
THERMALLY STIMULATED CONDUCTIVITY 
The horizontal  axis i s  driven e i t h e r  by t h e  i n t e r n a l  time 
A l l  wiring is  completely shielded by 
-12 
Thermally stimulated conductivity (TSC) experiments are performed 
by submerging the  sample holder i n  t h e  coolant while the  sample i s  kept i n  
the  dark. When the  temperature s t a b i l i z e s  , a known in t ens i ty ,  wavelength, 
and duration of l i g h t  is  focused on the  sample. Final ly ,  t he  coolant is  
removed, t he  clock driven heater  i s  s tar ted,  and the  current is  p lo t t ed  
against  t i m e  o r  temperature. 
ing the  clock driven resistor; normally, t h e  value f3 = 0.5'K/sec was used. 
The heating rate $ can be varied by adQust- 
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The r e l a t ions  used i n  TSC analysis  a r e  wel l  It may 
be shown t h a t  when retrapping a t  a l e v e l  i s  negl ig ib le ,  the t r a p  energy 
E 
the  temperature of the  TSC peak, Tm, by 
(measured from the  band t o  which the c a r r i e r  i s  emitted) i s  r e l a t ed  t o  t 
N S v k T i  
Et = k T  m &[ iEt ] l4.41 
Additional assumptions a re  t h a t  none of the  physical constants ,  such as v ,  
N c ,  St ,  ‘tL, and v vary grea t ly  with temperature i n  the  region of the  peak. 
Physically,  t he  TSC maximum corresponds t o  the  maximum r a t e  of e jec t ion  of 
e lectrons from t r aps .  
39 When retrapping does occur, the proper r e l a t ion  is  
N kT2 
Et = kTm &[ m ]  
N t @ T L E t  
l4.51 
Only a s m a l l  e r ro r  is involved i f  the  t r a p  depth i s  equated t o  the  depth 
of t h e  Fermi l e v e l  when the t r a p  i s  ha l f  f i l l e d .  This gives the simple 
r e l a t i o n  39 
Et = kTm en E] l4.61 
. Haering and Adms5 have Tm where n is the f r e e  c a r r i e r  density a t  T = 
shown t h a t  t h e  shape of  a conductivity peak i s  v i r t u a l l y  independent of 
t he  retrapping r a t e ,  with the shape following 
m 
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Furthermore, at t he  maximum,  t he  conductivity and temperature a re  r e l a t ed  
by a universal  curve of t h e  form 
which follows from the  preceding equation. Since T depends on the  heat- 
ing r a t e  B , o(T ) and T may be measured at two or more known heating rates m m 
and E may be found from 
m 
t 
Eq. E4.91 i s  obtained by rewri t ing e i t h e r  [4.4] or L4.51. Clearly,  the  
t r ap  depth may be found by p lo t t i ng  &[Tm/B] vs. (kTm) 2 -1 . 
Another w a y  t o  f ind  Et i s  t o  analyze the  i n i t i a l  rise of a TSC 
peak i f  it i s  not hidden by other peaks. Garlick and Gibson'' show t h a t  
the  simple r e l a t ion  expected i s  
-Et/kT 
- n  v e  dn dt  t o  n 
- -  [4.10] 
where v i s  the  attempt t o  escape frequency. E i s  found without knowl- 
edge of ntovn by analyzing a curve of Rn n vs. 1/T. 
PHOTODIELECTRIC MEASUREMENTS 
n t 
The reason for the  great  s e n s i t i v i t y  of t h e  photodielectr ic  tech- 
nique i s  t h e  superconducting microwave cavi ty  used. A full s i z e  cutaway 
drawing of t he  cavi ty  employed i n  t h i s  study i s  shown i n  Fig. IV-2. A 
l aye r  of l ead ,  t h e  superconducting material, i s  e lec t ropla ted  onto the 
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Figure IV-2. Superconducting Microwave Cavity. 
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cavi ty ,  loading p l a t e  and probe surfaces.  The design of  the  cavi ty  and 
t h e  p la t ing  process are completely covered by Stone and are not consid- 
ered fur ther  here. The cavi ty  unloaded resonant frequency i s  about 9 x 
10  Hz; loaded, it i s  about 8.5 x 1 0  Hz. 
26 
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The capacit ive loading p l a t e  i s  tapered s l i g h t l y  and s m a l l  holes 
are provided around i t s  perimeter t o  allow helium gas bubbles t o  escape 
t h e  cavity.  A s m a l l  hole i s  provided i n  the  cavity w a l l  above the  loading 
p l a t e  t o  f a c i l i t a t e  t h e  entry of helium l i q u i d  i n t o  the  cavity. A var ie ty  
of s m a l l  t e f l o n  co l l a r s  i s  avai lable  f o r  holding the  semiconductor sam- 
p l e  i n  place i n  t h e  high f i e l d  region at the  end of t he  stub. Microwave 
energy i s  coupled i n t o  and out of t he  cavi ty  with two capacit ive probes. 
Coupling i s  var ied by adjusting the  length of t h e  probe which extends i n t o  
t h e  cavity.  Generally, the  coupling i s  kept as l i g h t  as possible ,  consis- 
t en t  with a useable output s igna l .  In  a l l  of the  experiments reported 
here ,  t h e  cavi ty  Q w a s  l imited not  by the  cavity or t e f lon  c o l l a r ,  but by 
the sample; with the  la rge  samples used, the  Q w a s  between 2 x 10 and 
9 x lo5, depending on the  sample. 
4 
The unloaded cavi ty  Q i s  much grea te r  
6 than 10 , so  the  sample determines t h e  cavi ty  sens i t i v i ty .  
The accuracy of photodielectr ic  experiments i s  l imi ted  primarily 
by t h e  sample-cavity system. A large lossy sample causes the  Q t o  be poor, 
and as a result the  cavity bandwidth i s  wide and the  resonant frequency i s  
not ea s i ly  determined. The inaccuracy i n  t h e  measurement due t o  t h i s  rea- 
son is % 1 k H z  or one pa r t  per  mill ion.  For higher Q s i tua t ions  where t h e  
frequency can be read very accurately,  t he  random generation of helium 
bubbles i n  the cavity produces noise which leads t o  % 100 Hz frequency 
var ia t ions  or e r ro r s  of one p a r t  i n  1 0  7 
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A block diagram of the photodielectr ic  measurement system i s  
shown i n  Fig. IV-3. The cavi ty  resonant frequency is  measured by m a x i m i z -  
ing the  s igna l  t ransmit ted by the  cavity and then reading the  o s c i l l a t o r  
frequency. The phase locked o s c i l l a t o r  is  s t a b l e  within a few Hz over a 
period of severa l  minutes, and the  counter gives the  frequency t o  nine 
s ign i f i can t  f igures .  Power absorption measurements cannot be made with 
such a high degree of accuracy, however; t he  Hewlett-Packard microwave 
detector  exhib i t s  s m a l l  output f luctuat ions of l e s s  than 1%, possibly 
caused by small temperature var ia t ions .  I t s  output s igna l  var ies  roughly 
as t he  2/3 power of the input power l e v e l ,  and a ca l ibra t ion  curve i s  re- 
. Q measurements a re  quired f o r  converting the output s igna l  i n t o  P 
made by pulsing the  input s igna l  t o  the cavi ty ,  observing the decay of the  
pulse with an osci l loscope,  and analyzing the  r e s u l t  according t o  the re-  
l a t i o n  (see Stone ) , 
abs/’o 
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Q = T f T  [4.11] 
where T i s  the  time required for  t h e  s igna l  t o  drop t o  l / e .  
The low temperature environment, which allows the  phenomenon of 
superconductivity t o  be used t o  advantage, and which a l so  provides a con- 
s t a n t  temperature bath for  the sample, i s  obtained by submerging the cav- 
i t y  i n  l i q u i d  helium. The helium i s  placed i n  t h e  inner  dewar of a nested 
p a i r  of vessels ;  the outer dewar is  f i l l e d  with l i q u i d  ni t rogen,  providing 
a low temperature background t o  minimize heating of t he  contents of t h e  
inner  dewar by rad ia t ion  from t h e  outside.  
s ide  a l igh t - t i gh t  box t o  prevent l i g h t  from enter ing the  cavi ty  through 
the  bubble r e l i e f  holes.  
Both dewars are suspended in- 
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The inner dewar may be sealed, and temperatures down to about 
2'K may be obtained by reducing the pressure over the helium. 
ture is controlled by varying the orifice between the inner dewar and a 
vacuum pump, and the temperature is monitored with a manostat connected 
to the inner dewar. 
The tempera- 
CHAPTER V. 
EXPERIMENTAL RESULTS 
INTRODUCTION 
The results of photodielectr ic  experiments on three  d i f f e ren t  
1 1 - V I  compounds, CdS, CdTe, and ZnTe, a re  presented here. One sample of 
CdS i s  aluminum doped and the  other i s  s i l v e r  doped; t he  tellurides are 
both high pur i ty  materials.  
The CdS:Al w a s  chosen because the sample exhibi ts  both t a p  and 
storage e f f e c t s  and i s  very photosensit ive.  The CdS:Ag does not display 
t a p  or complete storage e f f e c t s ,  but it i s  very sens i t ive  t o  inf ra red  
quenching. Both CdS sampleswere heat t r ea t ed  i n  a vacuum at 
insure a la rge  density of compensated acceptors or  hole t raps .  No changes 
i n  the  electron t r a p  propert ies  were observed as a r e s u l t  of the  heating. 
The tellurides were chosen because t h e i r  c r y s t a l  s t ruc tu re  and behavior 
differ  markedly from those of CdS. Both samples are  p-type and thus no 
heat treatment w a s  performed. 
5OO0C t o  
Before performing photodielectr ic  t e s t s  on the  samples, each 
was subjected t o  severa l  standard experiments which a l so  y i e l d  values f o r  
trapping and recombination parameters , i n  order t o  obtain standards f o r  
comparison. I n  the  following sec t ions ,  t he  invest igat ions of each mater- 
i a l  are presented, and results obtained with t h e  photodielectr ic  e f f ec t  
are compared with t h e  results of t h e  other  tests whenever possible.  
CdS:Al - STANDARD EXPERIMENTS 
Four methods were first used t o  f ind  d i sc re t e  energy levels i n  
the  CdS :Al; absorption spectra ,  photoconductivity spectra ,  thermally s t i m -  
ulated conductivity,  and decay curve analysis.  The absorption spectrum 
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f o r  the  CdS:Al at 300°K i s  shown i n  Fig. V-1. The lack of any sharp de- 
tails i s  primarily due t o  the  thickness of t he  sample. 
fairly w e l l  defined peaks i n  the  curve at 6050 - + 50 8 and 5450 - + 50 8, 
corresponding t o  t r ans i t i ons  of 2.05 - + 0.02 e V  and 2.275 - + 0.02 e V ,  re- 
spect ively.  
cated must l i e  0.35 - + 0.02 e V  and 0.125 - + 0.02 e V  below the  conduction 
band. The curve a l so  shows high absorption i n  the  v i c in i ty  of 1.55 1.1, 
corresponding t o  an 0.8 eV t r ans i t i on .  
absorption by t h e  expected compensated acceptor s i tes ,  which normally oc- 
curs near 1 .0  1 . 1 ~ .  Thus, a d i sc re t e  l e v e l  a lso ex i s t s  about 0.8 eV below 
the  conduction band. 
There a re  two 
Since the  bandgap energy i s  2.40 e V ,  t he  energy l eve l s  indi-  
This probably does not represent 
The photoconductivity spectrum of t h e  CdS:Al at 300°K i s  pre- 
sented as Fig. V-2; i t s  shape i s  s i m i l a r  t o  the  absorption curve i n  the  
band-edge region, as would be expected. The photoconductivity peaks occur 
f o r  A = 5450 - + 50 a and A = 6100 - + 50 8, corresponding t o  l eve l s  0.125 - + 
0.02 e V  and 0.37 - + 0.02 e V  below the  conduction band. 
are c l ea r ly  t h e  same two seen i n  t h e  absorption spectrum. 
These two l eve l s  
The sample shows photoconductivity a t  wavelengths between 1 .5  1.1 
and 9 p, but t h e  e f f ec t s  are  s m a l l  and no c l ea r  peaks are seen. 
Thermally st imulated conductivity (TSC) experiments with t h e  
CdS:Al confirm t h e  presence of a t r a p  at about 0.35 e V ,  and a l so  revea l  a 
deeper t r a p  near 0.74 eV.  No peak i s  contributed by the  l e v e l  at 0.13 e V  
because all TSC tests were s t a r t e d  at 77OK, and t h e  peak temperature for  
a 0.13 e V  t r a p  should be near 60O~.  
i n  t h e  decay of photoconductivity at  77OK following exc i ta t ion  of t he  crys- 
tal by bandgap light. A typ ica l  decay curve i s  shown i n  Fig. V-3. Using 
Evidence f o r  t he  shallow t r a p  i s  seen 
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Figure V-1.  Absorption Spectrum i n  CdS:Al a t  300°K. 
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Figure V-2. Photoconductivity Spectrum f o r  CdS:Al a t  300°K. 
70 
1 
10-l 
1 o-2 
I I I 
0 1 2 3 
Time, seconds 
4 
Figure V-3. The decay o f  t he  photocurrent i n  CdS:Al a€ 7'K is shown. 
The op t i ca l  exc i t a t ion  is  removed a t  t = 0. 
Eq. [3.31] fo r  Et i n  terms of T d’ 
= 0.23 seconds and S = 10  cm , 
t h e  value Et = 0.13 e V  i s  found fo r  T~ 
-14 2 
t 
A series of TSC experiments was performed t o  determine the  r a t e s  
of f i l l i n g  of t h e  two TSC t raps .  Fig. V-4 shows t h a t  the  deeper t r a p  i s  
p a r t i a l l y  f i l l e d  before the bandgap l i g h t  is  applied,  due t o  incomplete 
emptying during t h e  preceding TSC tes t .  Furthermore, t h e  0.74 eV t r ap  
f i l l s  very slowly i n  comparison t o  t h e  deeper t raps .  Both of these f ac t s  
imply t h a t  the  l e v e l  has a small capture cross sect ion S which can be 
estimated t o  be about 1 0  cm , using Eq. C3.161. The t r a p  at 0.35 e V  
t ’  
-18 2 
f i l l s  more rapidly than the  deeper t r a p ,  indicat ing a capture cross sec- 
t i o n  of about 2 x 1 0  cm . -16 2 
The t h i r d  curve on Fig. V-4, labeled “0.13 e V  t rap”  i s  actual ly  
a p lo t  of t h e  rise of photoconductivity a t  77°K. It has already been 
shown t h a t  t h e  var ia t ion  of conductivity a t  t h a t  temperature i s  governed 
primarily by the  0.13 eV t rap .  A t  first,  it appears t h a t  t he  t r a p  satu- 
rates arter about 300 seconds, but the leveling-out of t h e  curve i s  actu- 
al ly a r e s u l t  of t he  l ifetime becoming so  short  t h a t  the  rate of recombi- 
nation approaches the  c a r r i e r  generation rate. 
(0.13 eV),the TSC peak temperature f o r  the  0.13 e V  l eve l ,  t he  t r a p  does 
not tend t o  re turn  ca r r i e r s  t o  the  conduction band as it does a t  77’K, 
and hence it f i l l s  t o  a much grea te r  density.  
A t  temperatures below Tm 
Fig. V-4 a lso  shows t h a t  t h e  0.74 e V  t r a p  resumes f i l l i n g  im-  
mediately when t h e  l i g h t  i s  turned on, while no increase i n  the  density 
of c a r r i e r s  at t h e  0.35 e V  t r a p  is seen u n t i l  about 2 x 1014 photons have 
entered t h e  crystal. 
about 4 x 
Similar ly ,  t h e  0.13 e V  t r a p  begins t o  f i l l  after 
photons have arrived. Therefore, t he  electrons prefer  t o  
72 
1 o2 
10 
1 
0.35 eV / 
0.1 1 .o 10 100 1000 
I1 1 umi nation time, seconds 
Figure V-4. 
CdS:Al a t  77'K for constant bandedge illumination o f  1 .7~10  photons/sec. 
Shown are the rates o f  f i l l ing  o f  three electron traps i n  
14 
73 
occupy t h e  lowest energy states as long as the probabi l i ty  of finding a 
vacant s i te  i s  high. A s  the number of empty sites at deeper t r aps  i s  
reduced by f i l l i n g ,  e lectrons begin co l lec t ing  at shallower leve ls .  
Since the  volume of t h e  sample i s  0.143 em3, these f igures  may be used 
t o  roughly estimate the  t r a p  dens i t ies  as follows: 
Nt (0.35) > 3 x 1 0  
1 5  Nt (0.74) = 1 .5  x 10 , 
16 16 -3 , and Nt (0.13 > 4 x 10  cm . 
The CdS:A1 i s  sens i t ive  t o  sub-bandgap l i g h t  at ce r t a in  wave- 
lengths.  The r e s u l t  of a TSC spectrum shows t h a t  t raps  a re  f i l l e d  i f  the  
l i g h t  is  s u f f i c i e n t l y  energetic t o  exci te  ca r r i e r s  from the  valence band 
t o  the  t r ap .  Furtherfore,  weak photoconductivity i s  seen throughout the  
wavelength range 9.0 p > A > 1.55 1-1, which corresponds t o  energies be- 
t w e e n ~ 1 3 8  eV and 0.80 e V .  
the  conduction band from the  t r aps .  The photoconductivity increases f o r  
A < 1.25 p; t h i s  near-infrared response i s  presumed t o  be brought about by 
exci t ing c a r r i e r s  t o  the  conduction band from a compensated acceptor l e v e l  
near 1 . 2  e V  above the  valence band. No inf ra red  quenching is  seen at any 
wavelength. If any i s  occurring, it i s  masked by stimulation of conduc- 
t i v i t y  at t h e  same wavelength. 
Thus the inf ra red  l i g h t  exci tes  c a r r i e r s  t o  
CdS:A1 SINGLE CRYSTAL-PHOTODIELECTRIC EXPERIMENTS 
When a photodielectr ic  experiment i s  performed on the  CdS :A1 
sample, both permanent and temporary frequency changes are produced, de- 
pending on the  wavelength of t h e  l i g h t  used. The i n i t i a l  frequency change 
and change i n  absorbed power due t o  bandedge l i g h t  are shown i n  Fig. V-5 
and Fig. V-6. The var ia t ion  fits t h e  model from Chapter I11 assuming the  
existence of a s ingle  sens i t iz ing  center with fast hole trapping. 
frequency change is  l i n e a r  and amounts t o  -480 kHz i n  20 minutes for  an 
The 
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Figure V-5. Frequency chan e vs time for  CdS:A1 a t  4.2% w i t h  T = 6 . 4 ~ 1 0  13 
photons/cmLsec, f = 8 . 5 ~ 1 0  iHz, and G = 0.0532. 
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Figure V-6. Power absorption vs time in CdS:Al a t  4.Z°K 
w i t h  T = 6 . 4 ~ 1 0  photons/cm3-sec. T h e  so l id  curve 
represents  the var ia t ion  observed, the l inea r ly  r i s ing  
dashed curve represents  the contr ibut ion due t o  trapped 
c a r r i e r s ,  and the dotted curve represents  the contr ibut ion 
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due t o  c a r r i e r s  in the shallowest t r a p .  
\ 
\ 
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incident photon flux of 1.25 x 1013 photons/sec. The absorption coeff i -  
c ien t  fo r  t he  l i g h t  w a s  measured t o  be 73.3%, and the  sample volume i s  
0.143 cm . 3 Assuming unity conversion eff ic iency,  w e  f i nd  An = 7.69 x 
16 8 10 ~ r n - ~ .  With f = 8.5 x 10 Hz, G = 5.32 x and E: = 60, 
Eqs. [2.31] and E2.161 give Et = 0.1315 e V  (see Table 1-1 f o r  calcu- 
l a t e d  value of T). Therefore, the shallowest cf the  three  t r aps  appears 
t o  capture the  generated ca r r i e r s .  This implies t h a t  the  0.13 e V  level 
has a r e l a t i v e l y  la rge  capture cross sect ion and t h a t  the  density of 
s i t e s  i s  large.  To measure S 
50°K i s  needed. 
(0 .13) ,  a photodielectr ic  experirnent near t 
To estimate N (0.13),  it i s  only necessary t o  f ind  t h e  m a x i -  t 
mum a t ta inable  frequency s h i f t ;  t h i s  s h i f t  was found t o  be -3.15 MHz. 
Use of Eq. [2.31] once again indicates  t h a t  a lower bound on Nt (0.13) 
i s  6 x 10  cm . This requires  two assumptions; f i r s t ,  the  t r aps  should 
be saturated.  This condition i s  eas i ly  s a t i s f i e d  by using a very high 
17 -3 
l i g h t  l eve l  and making the  measurement a f t e r  the  frequency has decreased 
t o  i t s  lowest value. The second assumption i s  t h a t  a l l  of t h e  frequency 
s h i f t  is  due t o  the  shallowest t rap .  It i s  e a s i l y  seen t h a t  deeper l eve l s  
make only a very s m a l l  r e l a t i v e  contribution t o  t h e  frequency change. For 
example, if the  l e v e l  at 0.35 e V  were f i l l e d  t o  the  same densi ty  as the  
shallower level,  i t s  contribution t o  A f  would only be 5% of t h e  contribu- 
t i o n  of t h e  0.13 e V  t r ap .  The 0.74 e V  t r a p  would contribute % 0.1%. 
Fig. V-5 also shows t h a t  when t h e  l i g h t  is  removed, t he  fre- 
quency shows a very slow upward d r i f t .  
of t i m e  reveals a decay t i m e  of many hours. 
Observation fo r  a longer period 
A t  4.2OK t h e  probabi l i ty  of 
escape from the  0.13 eV level t o  t h e  conduction band by thermal exc i ta t ion  
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-100 -1 i s  % 1 0  sec , so it is  conceivable t h a t  carriers slowly tunnel  out 
of t h e  t r a p  i n t o  a recombination center located nearby i n  the  c rys ta l .  
EVIDENCE FOR VERY SHfULOW ELECTROM TRAP 
The power absorption curve fo r  CdS:A1 exposed t o  band-edge 
l i g h t  i s  given i n  Fig. V-6. It consis ts  of a l i nea r ly  varying component 
plus  a t r ans i en t  component; t he  two components are shown i n  the  f igure 
by dot ted l i n e s .  The l i n e a r  component i s  expected t o  r e s u l t  from f i l l i n g  
shallow t raps .  The other  component would be a t t r i bu tab le  t o  excess free 
ca r r i e r s  if the  rise and decay w e r e  instantaneous. The f a c t  t h a t  r i s e  
and decw t i m e s  of % 60 seconds are observed indicates  t h a t  a previously 
unsuspected, very shallow t r a p  m u s t  ex i s t .  
An estimate of E for  t h i s  very shallow t r a p  i s  obtained by as- t 
- -14 2 suming any reasonable value of S 
4.80 meV, and i f  St = 10 
decay t i m e  of 142 seconds a t  4.0°K, S 1 0  cm and Et 7 meV. 
For example, i f  St = 10 cm , Et - t '  
Et = 8.13 meV, using Eq. [3.31]. cm , From the  -18 2 
-17 2 
t 
The density of c a r r i e r s  i n  the  very shallow t r a p  may be calcu- 
l a t e d  from the  power absorption curve. Fig. 11-2 indicates  t h a t  f o r  T = 
sec ,  a c a r r i e r  i n  a t r a p  within about 20 meV of the  conduction band 
has a r e l a t i v e  contribution t o  power absorption B" of sec from 
Eq. E2.301. 
B" = 7.7 x 
absorption experiment is  7.7 x 10 t i m e s  as sens i t i ve  t o  a c a r r i e r  i n  
t h e  0.13 e V  t r a p  compared t o  one i n  the  shallowest t r ap .  
ca tes  t h a t  t he  ca r r i e r s  i n  the  deeper t r a p  have a t o t a l  e f f e c t  which i s  
A t  a l e v e l  a t  0.1315 e V  an electron has a contribution of 
sec i f  w = 5.34 x l o9 ,  from Eq. [2.22]. Thus, the  power 
-6 
Fig. V-6 indi-  
about 4 t i m e s  l a rger .  Therefore, during i l lumination the  equilibrium 
density of c a r r i e r s  i n  t h e  very shallow trap i s  
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7.7 -6 1 2  -3 nt(0.007) = ~x 1 0  x nt(0.13) 1.15 x 10 cm 
The densi ty  of conduction band electrons i s  r e l a t e d  t o  t h i s  densi ty  by 
Eq. [3.32], n = nt(0.13) x (T~/T&). The e f f e c t s  of free e lec t rons  a r e  
not v i s i b l e  i n  Fig. V-6 s ince T /T i s  probably less than and t h e  L d  
power absorption experiment i s  equally sens i t i ve  t o  free e lec t rons  and 
electrons i n  very shallow t r aps .  
Since the re  i s  an appreciable density of e lectrons i n  t h e  very 
shallow t r a p ,  it may seem unusual t h a t  apparently no t r a c e  of them w a s  
seen i n  Fig. V-5. The reason f o r  t h i s  i s  explained by reference t o  Fig. 
11-1. 
but n (0 .007)  i s  qui te  a b i t  smaller than nt( 0.13). 
f a i l u r e  t o  observe the  s m a l l  increase i n  frequency ( %  300 Hz) expected 
The fac tors  B'(0.007) and B'(0.13) are about the  sitme magnitude, 
The result is  a t 
when the c a r r i e r s  from the shallower t r a p  decay t o  the  deeper t r ap .  The 
e f f e c t s  of t h e  0.007 e V  t r a p  would probably be observable i f  s t ronger  il- 
lumination were used t o  increase nt ( 0 .007) .  
INFFtAKED RESPONSE OF THE SENSITIZING CENTER 
Inf ra red  l i g h t  a t  various wavelengths w a s  applied t o  the  sample, 
r e su l t i ng  i n  two d i f f e ren t  types of e f f ec t s .  Light with A = 0.95 1-1 has the  
same e f f e c t  as band edge l i g h t ;  i r r eve r s ib l e  increases  i n  both E '  and E" r r 
are observed. This behavior can be explained as exc i t a t ion  of e lec t rons  
from the  compensated acceptor sites 1.28 e V  above the  valence band t o  t h e  
conduction band, followed by decay i n t o  a shallow t r ap .  The rate of fre- 
quency decrease i s  1.17 Wz/sec for a photon flux of near ly  3 x 1 0  pho- 
tons/sec.  The applicable absorption coef f ic ien t  is  obtained from Fig. V-1, 
and Eq. [2.31] then y i e lds  E .13 eV. Thus, t h e  0.95 1-1 l i g h t  e f f ec t ive ly  
excites e lec t rons  from the  deep sens i t i z ing  center  t o  the  0.13 e V  t rap .  
14 
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The electrons prefer  t o  decay i n t o  the  shallow t r a p  ra ther  than re turn  t o  
the  sens i t i z ing  center because the capture cross sect ion of t he  l a t te r  i s  
usually very s m a l l  (normally % 10 cm ) . -21 2 8 
The density of deep sens i t iz ing  centers  can be estimated by not- 
ing t h e  amount of t i m e  t h a t  passes before the  sample no longer responds 
t o  0.95 ?-I l i g h t  at a given photon flux. 
0.143 cm , a = 65.5%, and T = 2.8 x 
begins t o  l e v e l  of f  after about two minutes of i r r ad ia t ion ,  indicat ing a 
density of about 1017cm-3 of the compensated sens i t iz ing  centers. 
I n  t h e  CdS:Al, with a volume of 
photons/second, the frequency 3 
The power absorption data must be used t o  confirm t h a t  t h e  ef- 
f e c t  discussed above does not occur because of sa tura t ion  of t h e  t raps .  
I n  t h a t  case,  t he  electrons would begin co l lec t ing  i n  shallower t r aps  or 
t h e  conduction band, and t h e  power absorption curve would break upward. 
(This phenomenon w a s  i l l t s t r a t e d  i n  Reference 27). 
0.95 p l i g h t ,  however, t he  power absorption curve leve ls  o f f ,  indicat ing 
t h a t  t he  process of exc i ta t ion  of e lectrons has ceased, and hence the  deep 
l e v e l  has been exhausted. 
In  the  case of t he  
INFRARED FESPONSE INVOLVING A DEEP ELECTRON TRAP 
From TSC data, reported i n  Table V-1, there  i s  a deep electron 
Photodielectr ic  measurements 
A temporary increase i n  
t r a p  a t  0.74 e V  below the  conduction band. 
of t h e  defect  reveal some in t e re s t ing  behavior. 
E '  is  caused by wavelengths longer than about 1 p, with a s izeable  peak r 
at  1.6 u. 
rad ia t ing  t h e  sample with 5.8 x 1 0  
decay t i m e s  for the  e f f ec t  are about one minute, indicat ing t h a t  the level  
at  0.007 eV i s  a l so  involved. 
A t  t h e  peak, a frequency change of 165 kHz results from ir- 
The rise and 1 4  photons per  second. 
The photon energy at 1.6 9 is  0.775 eV, 
80 
so the  photosensi t ivi ty  a t  t h a t  wavelength ind ica tes  it must be a result 
of exci t ing c a r r i e r s  from the electron t r a p  at 0.775 eV t o  the  conduction 
band, followed by c i r cu la t ion  through the  0.007 eV leve l .*  
ing  about a minute i n  the shallowest s t a t e ,  the e lec t ron  returns  t o  the 
deep l eve l .  
dens i t ies  grea te r  than 5 x 1 0  cm e 
After spend- 
Relating A f  t o  An, by Eq. [2.31] ind ica tes  both l eve l s  have 
14 -3 
The f a c t  t h a t  1.6 p l i g h t  caused no permanent frequency change 
The means t h a t  no c a r r i e r s  were permanently added t o  the  0.13 eV l eve l .  
t r aps  a t  0.13 eV were not sa tura ted ,  because a subsequent appl icat ion of 
band edge l i g h t  permanently lowered the frequency as before. The only ex- 
planation consis tent  with the  other data  i s  t h a t  c a r r i e r s  removed from the  
l e v e l  at 0.775 eV a re  quickly replaced by electrons i n i t i a l l y  i n  t h e  0.13 
eV l eve l .  For t h i s  t o  be the  case these two l eve l s  would have t o  be re -  
l a t e d .  Two of the  most common p o s s i b i l i t i e s  would be f o r  the shallow l e v e l  
t o  be an exci ted s t a t e  of the  deeper one, o r  f o r  the two s i t e s  t o  e x i s t  at  
a complex imperfection such as a donor-vacancy pa i r .  
For t he  model given above, the i r r a d i a t i o n  i s  assumed t o  exc i te  
an e lec t ron  t o  t h e  conduction band, followed by rapid decay t o  e i t h e r  the  
0.13 eV or 0.007 eV t r ap .  Meanwhile, a c a r r i e r  from the  0.13 e V  l e v e l  
drops t o  the  0.775 eV l eve l .  Therefore, the net  e f f ec t  i s  an increase i n  
the density nt(0.007) and a decrease i n  nt(0.13), which would be expected 
t o  lead  t o  a small reduction i n  resonant frequency. When the  l i g h t  i s  re -  
moved, the  excess densi ty  i n  the shallow leve ls  decays i n t o  the  deeper 
l eve l s  i n  about 60 seconds, re turning the  frequency t o  the i n i t i a l  value. 
The t o t a l  maximum frequency excursion i s  expected t o  have a contr ibut ion 
due t o  an excess densi ty  of c a r r i e r s  i n  each of t he  t r a p s ,  but  t he  compo- 
nents cannot be separated because of the  rap id  decay times involved. 
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The propert ies  of the  t raps  observed with the  four standard 
t e s t s ,  absorption, photoconductivity, TSC, and decay curve analysis ,  a re  
l i s t e d  i n  Table V-1. Likewise, da ta  derived from the  contact less  photodi- 
e l e c t r i c  experiments i s  given. A comparison of t h e  numerical values gives 
excel lent  agreement, especial ly  i f  t he  d i l a t i o n  of t he  energy gap and in- 
crease i n  t r a p  energy with decreasing temperature are taken i n t o  account . 77 
C d S : A l  POWDER SAMPLE - PHOTODIEUCTRIC RESULTS 
A photodielectr ic  experiment w a s  performed on the  powdered sam- 
p le  of CdS:Al, and the  r e su l t i ng  A f  and AP curves are  shown i n  Figs. V-7 
and V-8. These should be compared with the  corresponding curves f o r  the  
s ing le  c r y s t a l  sample, Figs. V-5 and V-6. 
t he  response of t he  powder sample matches the response of the s ing le  crys- 
t a l  sample of CdS:Al. Like the  s ingle  c rys t a l ,  t he  polycrystal l ine sample 
operates as a l i g h t  in tegra tor  a t  4 . 2 O K ,  and exhibi ts  no observable inf ra -  
red  quenching. 
For strongly absorbed l i g h t ,  
The two samples m a y  be quant i ta t ive ly  compared by finding the  
value A f / A t  for a given l e v e l  of l i g h t  and then dividing by the  sample G 
fac tor  t o  normalize the  r e s u l t ,  
1 0  For the  poly- 
c rys t a l l i ne  sample under iden t i ca l  i l luminat ion,  A f / A t  = 31.7 Hz/sec and 
G = 4.2 x so A f / G A t  = 7.54 x 1 0  Hz/sec. The power absorption may 
a l so  be compared by calculat ing AP/GAt. For the  s ingle  c r y s t a l ,  AP/At = 
3.9 x 10  sec , so  AP/GAt = 7.4 x 10-3sec-1. The powder sample has 
AP/At = 4.32 x 10-5sec-1, so AP/GAt = 1.0 x 10-2sec-1. 
For the s ing le  c r y s t a l ,  A f / A t  = 4.00 x 
2 3 Hz/sec and G = 0.0532, so  A f / G A t  = 7.66 x 10  Hz/sec. 
3 
-4 -1 
The slow decay 
A f  also proceeds at nearly t h e  same rate i n  t h e  two samples. For both 
samples the  slow upward d r i f t  i n i t i a l l y  corresponds t o  A f / G A t  350 H 
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TABLE V-1 
I Trapping and Recombination Parameters of CdS:Al 
Method 
PD 
Ab s 
PC 
Decay 
PD 
TS C 
Ab s 
PC 
TS C 
PD 
PD 
4.2 
300 
77 
4.2 
300 
300 
4.2 
4.2 
2 
S r l t *  
l a rge  
2x1o-I6 
s m a l l  
14 > 5x10 
16 > 4x10 
> 6x10~~ 
16 
> 3x10 
* Measured from t h e  conduction band i n  eV.  
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Frequency change vs t ime  f o r  CdS:Al powder sample a t  4.2'K 
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Figure V-8. Variation o f  absorbed power i n  CdS:Al powder sample 
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Simi lar ly ,  no differences a re  observed between the  two samples with in- 
f r a red  s t imulat ion applied. 
It i s ,  therefore ,  evident t h a t  t he  two samples behave s imi la r ly  
i n  every respect and a l l  of the  analysis previously applied t o  the  s ing le  
c r y s t a l  of CdS:A1  a l so  appl ies  t o  the  polycrys ta l l ine  sample. 
clusion w a s  expected s ince the  l i g h t  used w a s  strongly absorbed i n  the  
bulk r a the r  than at the  surface.  Furthermore, i f  the  distance a f r e e  
c a r r i e r  d r i f t s  during one-half cycle of the  rf f i e l d  i s  estimated as 
This con- 
d = uEe/f [5.11 
2 where the  mobili ty 1-1 
the  e l e c t r i c  f ie ld  Ee i s  estimated at 100 V/cm, then d N 10 cm = 100 8, 
which i s  obviously very small compared t o  the  average s i z e  of a CdS grain 
i n  the  powder sample (estimated t o  be t o  cm on a s i d e ) .  This 
implies t h a t  the  average c a r r i e r  i n  a CdS grain does not tend t o  encounter 
10 cm /vo l t  s ec l4 ,  t he  frequency f y- lo9 Hz, and 
-6 
the gra in  sur face ,  and bulk e f f e c t s  a re  s t i l l  observed. 
CdS:& - STA3DARD EXPERIMENTS 
The CdS:Ag is analyzed with the same techniques used i n  t e s t i n g  
the  CdS:Al. The absorption spectrum i s  shown here as Fig. V-9. A correc- 
t i o n  f o r  r e f l ec t ion  has been made by multiplying by (1-R) = .848, where R 
i s  the  c d c u l a t e d  r e f l ec t ion  coef f ic ien t .  The result shows t h a t  t he  ab- 
sorpt ion edge at room temperature is a t  0.525 (2.36 eV) while the band- 
gap i s  generally given as 2.40 eV. 
(2.08 e V ,  
Eg - ET = 0.46 e V ,  where E i s  t h e  bandgap energy and ET is  t h e  photon 
energy). A very la rge  peak occms at 1.0 p(ET = 1.24 eV, E 
e V ) .  
Very s m a l l  peaks appear at 0.595 v 
or 0.32 eV below the  conduction band) and 0.64 ~ ( 1 . 9 4  eV, o r  
Q 
- ET = 1.16 
g 
I n  the  in f r a red ,  t he re  a re  peaks at 2.6 p(ET = 0.477 eV), 3.2 v 
= 0.387 eV), and about 3.9 p(ET = 0.318 eV). CET 
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Figure V-9. Absorption spectrum i n  CdS:Ag a t  300°K. 
The absorption measurements imply the energy l e v e l  scheme shown 
i n  Fig. V-10. The data i s  consistent with the  presence of th ree  elec- 
t ron ic  s t a t e s  located 0.47, 0.39, and 0.32 e V  below the  conduction band. 
Except fo r  t h e  0.39 eV l e v e l ,  t r ans i t i ons  a re  seen both t o  the  l e v e l  i n  
question from the  valence band, and from the  l e v e l  t o  the  conduction 
band; the  unseen t r a n s i t i o n  from the  valence band t o  the 0.39 eV l e v e l  
could e a s i l y  be hidden i n  t h e  data. The l a rge  amount of d e t a i l  i n  the in-  
f r a red  port ion of the  spectrum could contain peaks other  than those l i s t e d  
above. It i s  probable t h a t  a quasi-continuum of s t a t e s  ex i s t s  between 
0.5 eV and 0.2 eV. 
The l a rge  peak seen at 1 1.1 appears t o  be abnormally w i d e ,  and 
it could e a s i l y  r e s u l t  from two complementary t r ans i t i ons .  I f  the sample 
i s  compensated, which i s  usually the  case, the  compensated acceptor s i t e s  
normally seen i n  CdS near 1.0 eV above the valence band are  p a r t i a l l y  
f i l l e d  with electrons.  I n  t h i s  case,  the data indicates  t h a t  t he  l e v e l  
i s  'L 1.24 eV from one of t h e  bands, which would place i t  very close t o  the  
center  of the gap. 
t rons  t o  t h a t  l e v e l  *om the  valence band, while the remainder of the  
l i g h t  exc i tes  e lectrons from the l e v e l  t o  the conduction band. Thus, with 
two possible  t r ans i t i ons  of s l i g h t l y  d i f f e ren t  energies avai lable ,  the  ab- 
sorpt ion shows a high, wide peak. 
It i s  l i k e l y  tha t  pa r t  of t he  11.1 l i g h t  exc i tes  elec- 
The room temperature photoconductivity spectrum of the  CdS:Ag 
There i s  l i t t l e  f o r  l i g h t  i n  the  v i s i b l e  region is given i n  Fig. V-11. 
d e t a i l  except f o r  the l a rge  peak at 0.545 p(ET = 2.275 eV, Eg - ET = 0.125 
e V )  . 
not be done with complete confidence. 
It is  tempting t o  i n t e r p r e t  t he  peak as a shallow t r a p ,  but t h i s  can- 
I n  t h e  wavelength region near 0.54% 
Conduction Band 
88. 
Valence Band 
Figure V-10. 
are measured 
Energy band diagram f o r  CdS:Ag a t  300’K. 
r e l a t i v e  t o  the conduction band. 
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Figure V-11. Photoconductivity spectrum for CdS:Ag a t  30OoK. 
absorption rapidly increases as wavelength decreases. As the region of 
absorption becomes l imi ted  t o  the  f ront  surface of t he  sample, t he  f r e e  
c a r r i e r  l i f e t ime  is expected t o  drop sharply due t o  the la rge  number o f  
recombination centers at the surface.  Thus a peak i s  expected a t  t he  
wavelength where the  best  combination of absorption and l i f e t ime  ex i s t s .  
Whether t he  0.545 1.1 peak r e s u l t s  from t he  absorption vs. l i f e t ime  e f f e c t  
or from the  existence of a d i sc re t e  l e v e l  i s  uncertain.  
The photoconductivity spectrum a l so  contains a bulge from 0.60 1.1 
This ind ica tes  a t r a n s i t i o n  of % 2.07 eV, and, therefore ,  the  t o  0.615 LI. 
bulge probably r e s u l t s  from exci t ing electrons from the valence band t o  
the  0.32 eV t r ap .  The conductivity increase occurs because of thermal 
generation of the  excess trapped c a r r i e r s  i n t o  the conduction band or from 
the  f r e e  holes i n  the  valence band. 
E f fo r t s  t o  obtain inf ra red  photoconductivity spec t ra  i n  CdS :A1 
are  not very successful  because the sample exhib i t s  a quenching e f f e c t  
which i n t e r f e r e s  with the exc i ta t ion  process. 
4.2OK a l l  tend t o  show the same r e s u l t s :  exc i ta t ion  occurs for  % 7 1.1 
> X > Q 2.6 1.1(% 0.17 eV t o  2, 0.47 eV) and two peaks appear at  A =- 3.5 LI 
(Q 0.35 eV) and 2.5 1.1(% 0.47 eV). The data  tends t o  confirm the  existence 
of a d i s t r ibu t ion  of s t a t e s  within 0.47 eV of t h e  conduction band, with 
appreciable concentration a t  0.35 eV and 0.47 eV. 
Tests a t  300°K, 77OK, and 
More d e t a i l s  about the t r aps  a re  learned from observing photo- 
A t  room temperature the  decay has a rapidly varying conductivity decay. 
component with T < 1 second and a slower component with T = 30 seconds. 
Using Eq. [3.16] allows only an estimate of E t o  be made, s ince S is  
not known. 
t t 
The slower decay i s  governed by a level at 0.7 2 0.1 eV.  
Consistent results are obtained i f  t he  rap id  decay i s  due t o  the 0.47 eV 
t r a p  with a capture cross sec t ion  of 1 . 4  x 10-18cm2; the  0.35 e V  l e v e l  
could cause the  decay i f  i t s  capture cross sect ion were % 10-20cm2, but 
t h i s  i s  not considered t o  be reasonable. A check on these values i s  ob- 
ta ined  using TSC data. 
TSC tests on CdS:Ag revea l  th ree  major peaks at 337OK, 210°K, 
and 125OK. U s e  of Eqs .  [4.2]  and [3.16] and the  decay data given above 
ind ica tes  t h a t  the  deepest d i sc re t e  l e v e l  i s  at 0.82 eV with St = 2 x 
2 cm . 
Decay tests at 77OK show short  and long period decays, with the  
longer time being about 120 seconds. The shor t  term decay i s  probably in- 
fluenced by excess ca r r i e r s  and shallow t r aps  and cannot be measured ac- 
curately.  
Eq. [4.2] can be used t o  ca lcu la te  E = 0.16 e V .  Eq. C3.161 then indi-  t 
ca tes  t h a t  St(0.16) = 10-16cm2, but the small uncertainty i n  E causes a 
la rge  uncertainty i n  S 
Assuming the  120 second decay goes with the TSC peak at 125OK, 
t 
t '  
Light at 7 l.~ causes a s m a l l  increase i n  the  CdS:Ag conductivity 
a t  77OK, with a decay t i m e  of about 120 seconds. Light a t  3.5 1-1 causes a 
l a rge r  conductivity increase with about t he  same response t i m e .  The 120 
second decay t i m e  fo r  both wavelengths means t h a t  the photogenerated car- 
riers c i r cu la t e  between the  conduction band and the  0.16 eV.trap at 77OK. 
A s m a l l  conductivity increase fo r  7 l i g h t  results, s ince the  ca r r i e r s  
must be exci ted f r o m  t h e  0.16 e V  t r ap .  The density of trapped ca r r i e r s  
t he re  is  a l w a p  small because carriers are able  t o  escape thermally from 
t h e  t rap .  A l a rge r  e f f e c t  occurs with 3.5 v l i g h t  because the  exci ta t ion 
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f r ees  c a r r i e r s  from the 0.35 eV t r a p ,  which tends t o  be highly populated 
because of the  lack of enough thermal energy t o  empty it. 
Light at 1 1-1 a lso  leads t o  an increase i n  the  sample conductiv- 
i t y  when the shallow t r aps  a re  empty. Both the  r i s e  and decay t i m e s  o f  
the e f f e c t  a r e  e s sen t i a l ly  instantaneous. The 11.1 l i g h t  i s  expected t o  
f r e e  both holes and electrons from the  compensated acceptor center ,  and 
therefore  it crea tes  an excess density of c a r r i e r s  i n  both bands. A 
rapid decay i s  seen when the  in f r a red  i s  removed because the  two excess 
dens i t ies  rapidly recombine. The small s i z e  of t he  e f f e c t  i s  a l so  a re- 
sult of the  f a s t  recombination r a t e .  
A s e r i e s  of TSC experiments shows t h a t  the  t r aps  f i l l  i n  the  
expected order ,  with deeper leve ls  f i l l i n g  f i rs t .  
t o  f i l l  i n  the  dark at room temperature, so the  0.35 eV l e v e l  quickly 
s t a r t s  capturing c a r r i e r s  when i l luminat ion i s  f i r s t  applied. 
eV l e v e l  w a s  never detected i n  a TSC experiment, which implies e i t h e r  a 
l o w  t r a p  densi ty  or a small capture cross sec t ion ) .  
a t  t he  r a t e  7 x 1 0  cm sec 
sa tura ted  density of the  t r a p  i n  about 30 seconds, which implies the den- 
s i t y  of t r aps  at t h a t  l e v e l  i s  about 2 x 1017cm-3. I n  the same amount of 
time, t he  shallower l e v e l  a t  0.16 eV f i l l s  t o  % 5%, s o  i t s  densi ty  i s  es- 
timated t o  be about 4 x 10 cm . If any recombination takes  place due 
t o  a long f r e e  hole l i f e t ime ,  these estimates must be reduced. 
The 0.82 eV l e v e l  tends 
(The 0.47 
The l i g h t ,  absorbed 
14 -3 -1 , f i l l s  the  0.35 eV l e v e l  t o  % 10% of the  
17 -3 
Inf ra red  l i g h t  i n  the  wavelength i n t e r v a l  3.0 1-1 > X > 0.9 1.1 
quenches the photoconductivity i n  CdS:Ag at room temperature; the  most 
e f f i c i e n t  wavelength i s  1.175 1.1 which corresponds t o  a t r a n s i t i o n  from 
the  valence band t o  a l e v e l  1.1 eV above it. The mechanism for  quenching 
93 
at  other  wavelengths i s  not known, but  it may involve an o p t i c a l  t r ans i -  
t i o n  t o  an exci ted s t a t e  of the sens i t i z ing  center ,  followed by thermal 
emission t o  the  f i l l e d  band. 
l i g h t  i s  at l e a s t  20 times higher than at other  wavelengths. A sequence 
of TSC experiments shows t h a t  1 l - ~  l i g h t  applied f o r  a su f f i c i en t  length 
of t i m e  empties v i r t u a l l y  a l l  of t he  electron t r aps  below 0.50 e V ;  the  
density i n  the  0.82 eV t r a p  i s  unchanged. 
A t  77OK the quenching eff ic iency of 1 1.1 
The var ia t ion  of the  sample current at 4 . 2 O K  during bandedge 
and in f r a red  i l lumination and during decay i s  shown i n  Fig. V-12. The 
f r e e  c a r r i e r  density var ies  only by a fac tor  of four between the most un- 
excited and most highly excited s i tua t ions .  The density of c a r r i e r s  at 
the  lowest point corresponds t o  1.65 x 1 0  cm The response time during 
decay i s  about 3 minutes, and a TSC peak can be observed at g°K, indicat-  
ing E = 0.007 eV with St 10  cm e 
7 -3 . 
-16 2 
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CdS :Ag - PHOTODIELECTRIC RESULTS 
The behavior of t h e  CdS:Ag i n  a photodielectr ic  experiment i s  
N o  change i n  the frequency appears u n t i l  shown i n  Figs. V-13 and V-14. 
about 7 x photons per em3 a re  absorbed i n  the  c rys t a l .  
sen ts  the  f i l l i n g  of deep t r aps  which contribute r e l a t i v e l y  l i t t l e  t o  
the  frequency change. 
f e c t s  seen a f t e r  the  f i l l i n g  of t he  deep t r a p s  i s  accomplished. 
This repre- 
Figs. V-13 and V-14 a r e  representat ive of the ef- 
The frequency change observed corresponds t o  an incident  photon 
f l u x  of 1.7 x 
A t  t h i s  l i g h t  l e v e l  the frequency changes about 33 kHz i n  22 minutes, fo l -  
lowing a non-exponential curve. 
about 6 minutes of exc i ta t ion ,  and appears t o  assume a constant value by 
photons per second on a 0.052 cm3 sample with G = 0.0266. 
The r a t e  of decrease drops shorply arter 
h 
0 
E: 
a, 
a, 
L 
m 
0 
c, 
s cn 
.C - I 
S S 
0 
e 
H I cn H 
CT) m 
0 0 
4 cr) 
0 0 
cu 
0 
3 a- 
m 
3 
0 
M 
m 
N 
0 
N 
m - 
0 
7 
m 
0 
94 
95 
t 
0 
n 
0 a 
0 
Ir> 
0 
d- 
0 
M 
0 
(u 
0 - 
0 
v) a 
3 
c 
t 
.- 
E 
c 
.- E 
t- 
0 
I I I 
.. . e 
96 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
g r e e n  l i g h t  on 
IR on 
IR O f f 7  
0 10 20 30 40 50 
Ti  me, m i  n u t e s  
F i g u r e  V-14. 
a t  4.2'K. 
The p h o t o d i e l e c t r i c  power a b s o r p t i o n  v a r i a t i o n  i n  CdS:Ag 
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t h e  20 minute mark. Simultaneous power absorption measurements reveal  a 
rapid increase i n  AP which begins t o  l e v e l  o f f  a f t e r  about 10 minutes 
have elapsed. A t  t he  20 minute mark the  rate of change of AP i s  a t  a 
r e l a t i v e l y  low and constant value. When the  band edge l i g h t  i s  removed, 
both A f  and AP show a p a r t i a l  recovery with a response t i m e  of about 3 
minutes . 
Analysis of the  t raps  i s  made somewhat d i f f i c u l t  by t h e  pa r t i -  
c ipat ion of severa l  t r aps  a t  the  same t i m e .  
ca tes  t h a t  the  model having a s ingle  sens i t i z ing  center with slow hole 
trapping should be used. The depth of the  shallow t r a p  i s  eas i ly  ob- 
The overa l l  behavior indi-  
t a ined  from the  decay curve when the  band edge l i g h t  i s  removed, but  the  
depth of the  other  t raps  cannot be found without knowledge of t he  density 
of ca r r i e r s  i n  each one. Since the  energies of t h e  deeper t raps  may eas- 
i l y  be found by other  methods such as TSC, t h i s  analysis w i l l  concentrate 
t '  on making accurate calculat ions of St and nt ,  given E 
TSC measurements revea l  t raps  at 0.32 eV, 0.16 eV and 7.0 meV 
i n  the sample of CdS:Ag. Data from Kulp, e t  al.77 suggests t h e  l eve l s  
s h i f t  t o  0.35, 0.17, and 0.007 e V  at  4.2'K. The presence of t he  l e v e l  at  
0.007 e V  i s  confirmed by studying the  decline of Af. The decay t i m e  ob- 
served i s  168 seconds; Eq. [3.16] gives Et = 7.68 - + 0 . 8 s V  f o r  any reason- 
able value of St assumed. Since the  frequency increase amounts t o  9 kHz, 
1 4  -3 Eq. [2.31] reveals  t h a t  t he  density n (0.007) i s  1.34 x 1 0  cm . t 
The A f  curve can be approximated by three  regions where A f  vs. 
t i m e  is  l i n e a r ,  as shown i n  Fig. V-15. I n  t h e  i n i t i a l  region, the  fre- 
quency drops a t  a rate of -117 Hz/sec. Mext come slopes of -37.3 Hz/sec 
and -8.09 Hz/sec. Therefore, t he  model t o  be used has three  levels 
98 
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contributing frequency var ia t ions of -8.09 , -29.21, and -87.8 Hz/sec 
when the absorbed l i g h t  flux i s  2.33 x 1014 photons/cm 3 sec. The value 
of B'(0.35) i s  too  low t o  allow the  0.35 e V  level  t o  account f o r  any 
but  t he  lowest slope. Similar ly ,  the 0.17 e V  l e v e l  cannot account fo r  
t he  highest  slope. Application o f  Eq. [2.31] then indicates  t h a t  t h e  
three  t r aps  have ne t  capture rates of 1.23 x 1.98 x and 
13 -3 -1 4.27 x 10 cm sec , i n  order of increasing E The sum of the  three  t '  
rates accounts f o r  only 27% of the  electron-hole p a i r  generation rate. 
This implies t h a t  t he  free hole l i f e t ime  i s  su f f i c i en t  t o  cause recombina- 
t i o n  of t he  remainder of the  electrons,  and therefore  t h a t  in f ra red  quench- 
ing  should be observable. 
The l inear ized  frequency change curve a l so  allows the  capture 
cross sect ions and dens i t ies  of the t raps  t o  be found. The response time 
of 168 seconds fo r  t he  0.007 eV t r a p  at 4.2'K gives St(0.007) = 1.61 x 
l$', while the  density of ca r r i e r s  there  at sa tura t ion  i s  1.34 x 1 0  . 
Equating t h i s  density t o  Nt (0 .007)  , taking 1.23 x 10l2 for  the  i n i t i a l  
value of dnt(0.007)/dt, and using Eq. [3.2] with nt + 0 y ie lds  the  density 
4 
7 -3 of f r e e  c a r r i e r s  n = 2.26 x 1 0  cm The f a c t  t h a t  dnt (O.OO7)/dt i s  
f a i r l y  constant during the  period when n (0.007) i s  a s m a l l  f r ac t ion  of 
Nt(0.007) ind ica tes  t h a t  n does not change by a la rge  fac tor .  
t 
The f i l l i n g  of t h e  0.17 eV t r a p  proceeds for  % 480 seconds and 
accounts fo r  a net  frequency drop of -13.8 kHz when it i s  sa tura ted ,  so 
Eq. [2.31] gives Nt (0.17) = 9.4 x 10 cm . Similar ly ,  sa tura t ion  of 15  -3 
t h e  0.35 e V  t r a p  causes a 
1017cm-3. Application of 
cm2 and St(0.35) = 2.86 x 
% lom7 seconds. 
A f  of -44 kHz, ind ica t ing  Nt(0.35) = 2.62 x 
Eq. [3.2] then y i e lds  St (0.17) = 3.82 x 
lo-18cm2. The excess free electron l i fe t ime i s  
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INFRARED EFFECTS 
Figs. V-13 and V-14 show t h a t  the  CdS:Ag i s  very sens i t i ve  t o  
quenching radiat ion.  
tons/cm -sec, and 60 seconds worth i s  su f f i c i en t  t o  remove 85% of % 
10 trapped electrons.  This indicates  t h a t  about half of the  holes 
freed by the  inf ra red  l i g h t  eventually recombine with a trapped electron 
r a the r  than being recaptured a t  a hole t r ap .  The capture cross sect ion 
of the hole t raps  for  holes i s  therefore  about t he  same as the  capture 
cross sec t ion  of f i l l e d  electron t raps  f o r  holes ,  and the t i m e  required 
fo r  t he  frequency change depends mainly on the  inf ra red  photon absorption 
rate. The 1 p l i g h t  eventually removes at l e a s t  95% of the  trapped elec- 
t rons.  
The absorbed f l u x  of 1 p l i g h t  i s  4.5 x 10” pho- 
3 
17 
When the  1 p l i g h t  i s  turned o f f ,  a s m a l l  addi t ional  frequency 
increase occurs, with a fast response time. T h i s  t rans ien t  component oc- 
curs because a s m a l l  p a r t  of the  inf ra red  l i gh t  f r ees  e lectrons from the  
compensated acceptor s i t e s ,  and they give r i s e  t o  a small negative A f  by 
spending a s m a l l  amount of time i n  the  shallow t r aps  before recombination 
with the  f r ee  holes. Removal of t he  11-1 l i g h t  allows t h e  excess f r e e  holes 
t o  remove these electrons,  and the  frequency rises as a result. This 
phenomenon cannot be explained by the  t ransfer r ing  of e lectrons from the  
valence band t o  the  acceptor si tes because B’ fo r  e lectrons a t  t h a t  l e v e l  
i s  Q, loe3’. 
impossible condition of  more exc i ta t ion  events than absorbed photons. 
When the  t r a p s  are empty, t h e  e f f e c t  i s  observed immediately following 
t h e  appl icat ion of t he  long wavelength l i g h t .  
To achieve the  frequency change observed would require  t h e  
The proposed model requires  
101 
14 3 only 5 x 1 0  
accomplished i n  l e s s  than a second. 
electrons/cm t o  be freed from the  deep l eve l ,  which can be 
The appl icat ion of longer in f ra red  wavelengths t o  the  CdS:Ag 
leads t o  small values of A f  and AP which correspond t o  exc i ta t ion  from 
the  e lec t ron  t raps .  
quency change occurs rapidly following the  introduction and removal of 
l i g h t .  The infrared i s  preceded by bandgap l i g h t  t o  f i l l  the  electron 
t raps .  An increase i n  frequency occurs a t  % 7.0 1-1 due t o  t h e  p a r t i a l  
emptying of the  t r a p  a t  0.17 eV. A l l  o ther  wavelengths cause the frequen- 
cy t o  decrease, but an increase a t  3.5 1-1 i s  superimposed over the  general  
decrease. 
The spectrum obtained appears i n  Fig. v-16. The f re -  
The behavior seen i n  Fig. v-16 i s  explained by assuming the  in- 
f ra red  l i g h t  at each wavelength exc i tes  e lectrons from a cer ta in  t r a p  t o  
theconduction band. The electron may then decay in to  any un f i l l ed  t r ap ,  
including t h e  one it l e f t  i n i t i a l l y .  Carriers i n  very shallow t raps  even- 
t u a l l y  re loca te  i n  deeper leve ls  i f  empty si tes ex i s t .  A n  increase i n  
frequency r e s u l t s  when an electron i s  removed from a t r a p ,  and a decrease 
occurs upon retrapping; t he  s i z e  of A f  depends on B ' .  The probabi l i ty  
that a free c a r r i e r  w i l l  be trapped a t  a l e v e l  depends on St(Nt - n ) f o r  
t h a t  level. Thus the  amount and s ign of A f  involves a comparison of t h e  
t 
B'St(Nt - n ) products of t he  t r aps  and B'Ant at  the  i n i t i a l  l eve l .  t 
t The increase i n  f seen at 7 1-1 occurs because t h e  product B'An 
for t h e  0.17 e V  level exceeds B'Ant f o r  the  0.007 e V  t r ap .  
sa tura t ion  of the  shallowest t r a p  allows t h i s  s i t ua t ion  t o  occur. The 
remainder of t h e  electrons ejected from t h e  0.17 e V  t r a p  remain i n  t h e  
conduction band as excess e lectrons,  and are retrapped at the  deeper l e v e l  
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FIGURE V-16. The r e l a t i v e  frequency change vs photon 
energy inf ra red  wavelengths i n  CdS:Ag a t  4,2'K. 
when the  l i g h t  i s  removed. N o  permanent component of A f  i s  seen because 
the  t r aps  are a l l  nearly saturated. 
The general  increase i n  A f  with decreasing X fo r  h < 3 1-1 re- 
s u l t s  from exci t ing  electrons from a low density d i s t r ibu t ion  of states. 
The average t i m e  these electrons spend i n  the  shallow l e v e l  i s  r e l a t ive ly  
long possibly due t o  a s m a l l  capture cross sect ion characterizing t h e  
d is t r ibu t ion .  
increases ,  and thus a more negative A f  occurs, showing the  increasing 
r e l a t i v e  importance of t h e  shallow t rap .  The peak seen at 3.5 1-1 i s  pres- 
ent  becuase of t he  la rge  density of t raps  at 0.35 eV. More exc i ta t ion  
t r ans i t i ons  a re  possible there  than for adjacent energies,  but the  value 
Ant(0.007) i s  s t i l l  l imited t o  a low value due t o  sa tura t ion  of t h a t  
l eve l .  
l a t i o n  of A f  due t o  ca r r i e r s  leaving the  deep l eve l  by A f  due t o  excess 
carrners i n  the  shallow leve l .  
The results of t h e  standard and photodielectr ic  experiments 
As  the  energy of t he  deep t r a p  increases ,  i t s  value of B' 
However, B'(0.007) >> B'(O.35) and the  net  e f f ec t  i s  near cancel- 
performed on t h e  C d s : A g  are l i s t e d  i n  Table V-2. 
HIGH PURITY CdTe SINGLE CRYSTAL - STANDARD EXPERIbBNTS 
The CdTe s ingle  c r y s t a l  sample i s  a th ick  p l a t e  cleaved from a 
s ingle  c r y s t a l  chunk. Four standard experiments were performed on the  
sample: op t i ca l  absorption, photoconductivity spec t ra ,  decay analysis ,  
and TSC. The absorption measurements did not produce any conclusive data, 
probably because of t h e  la rge  sample thickness (% 2 mm), and thus those 
experiments are not included here. 
The results of a 77OK photoconductivity spectrum of the  CdTe 
sample, which i s  p-type down t o  t h a t  temperature, i s  given i n  Fig. V-17. 
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TABU V-2 
Method 
TS C 
PD 
TSC+Decay 
PD 
Ab s 
PC 
Quench 
TSC 
PD 
Ab s 
Ab s 
Quench 
Decay 
Decay 
TS C 
PD 
Ab s 
Quench 
9 
4.2 
12 5 
4.2 
300 
30 0 
300 
210 
4.2 
300 
30 0 
300 
300 
30 0 
337 
4.2 
300 
30 0 
2 
Snt’ cm 
17 2x10 
2. 62xlol7 
small 
t Energies measured i n  eV from the conduction band, except (*) , 
measured from the valence band. 
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Figure V-17. The r e l a t i v e  photoconductivity spectrum i n  CdTe a t  77'K. 
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The la rge  peak at 0.8 p represents  t he  band-to-band t r a n s i t i o n ,  corres- 
ponding t o  the low temperature bandgap of 1.59 e V  according t o  Marple 
and Segal l  Another obvious t r a n s i t i o n  occurs with X = 5.4 1-1, corres- 
ponding t o  an energy increase of 0.23 eV. No other reports  of t h i s  l e v e l  
66 . 
have been found i n  the  l i t e r a t u r e ,  and it i s  assumed t o  be a hole t r a p  
0.23 eV above the valence band. Another peak apparently e x i s t s  around 
X = 2.25 p, with E = 0.55 eV. This ma;y-result from the  doubly ionized 
acceptor a t  a cadmium vacancy, reported by DeNobe168 at  0.60 - + 0.5 eV. 
12 A t  4.2OK the  sample is  an insu la tor  with p > 10  Q-em. This 
value can be lowered t o  % l o l o  $2-cm by r e l a t i v e l y  strong bandgap l i g h t  
with T N 1 0  ~m-~sec ' l .  14  The r i s e  and decay of t he  photoconductivity oc- 
cw: immediately upon changing the  i l luminat ion,  and the rapid decay ex- 
ceeds the  dynamic response of t he  instruments. The f r ee  hole density 
var ies  l i n e a r l y  with T ,  which ind ica tes  t h a t  T~ i s  constant and the  opt i -  
c a l  f r e e  hole generation dominates the  behavior. The calculated l i f e t ime  
i s  2 x 13 -3 -1 seconds fo r  AP = 1 .5  x 106cm-3 and T = 7.5 x 10  cm sec . 
The r e s u l t s  of TSC experiments given i n  Figure v-18 show t h a t  
two traps with very s m a l l  dens i t ies  e x i s t  i n  the  CdTe. The f irst  peak a t  
25'K has Et = 0.045 5 0.015 eV, and it probably corresponds t o  the hold 
t r a p  at  0.05 eV seen by Lorenz and Segall8O i n  pure CdTe and a t t r i b u t e d  t o  
Cd vacancies. 
ca;y i n  about 7 seconds at 77OK. 
t h a t  the  l e v e l  i s  0.124 e V  above the valence band with St 
dens i t i e s  of c a r r i e r s  i n  the  t r aps  after high i l luminat ion,  as estimated 
The second peak occurs at 6 0 O ~  and causes the  current t o  de- 
U s e  of Eqs. [3.16] and [4.1] ind ica tes  
The 
15 from the  area under the  TSC peaks, a r e  both less than 10 ane3, with Pt 
(0 .05)  by about 10. 
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Figure V-18. Thermally shimulated conductivity i n  CdTe. A hoJe t rap  
a t  0.045 eV appears a t  25 K ,  and another a t  0.124 eV appears a t  600K. 
The current  var ia t ion  between 80% and 250°K reveals an acceptor level 
a t  0.105 eV, while an acceptor a t  0.23 eV is indicated by the behavior 
above 25OoK. 
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A t  temperatures above ~ o O K ,  p rises exponentially over f i v e  or- 
ders of magnitude with a slope ind ica t ive  of an acceptor l e v e l  at 2, 0.105 
e V ,  and fo r  T > 25OoK, the  slope increases t o  show another acceptor at 
0.23 eV. The l a t t e r  i s  a l so  seen i n  photoconductivity spectra ,  as w a s  
mentioned previously. A change i n  photosensi t ivi ty  occurs f o r  tempera- 
tu res  between 4.2'K and 2'K, and analysis using Eq. [3.8] modified f o r  
holes f o r  t h e  dependence of p on T gives E = 0.003 eV. Also, the magni- 
tude of t h e  second term of Eq. C3.81 i s  about l/7 of the f i rs t  term at 
t 
-6 -1 13 4.2'K, which ind ica tes  t h a t  p S = 6 x 10  em when T = 7.5 x 10 . 
t Pt  
HIGH PURITY CdTe - PHOTODIELECTRIC EXPERIMENTS 
Typical photodielectr ic  behavior of t h e  CdTe sample i s  shown i n  
Figs. V-19 and V-20. The curve of A f  has the same shape as t h e  photocon- 
duc t iv i ty  var ia t ion  i n  t h e  same sample at 4.2OK. 
tha t  the  A f  p lo t  does not re turn t o  t h e  i n i t i a l  value when the  l i g h t  i s  
removed, but r a the r  r e t a ins  a permanent s h i f t  of 'L 19 kHz. This o f f se t  
OCCUTS after the  f irst  i l lumination cycle and represents  t he  permanent 
f i l l i n g  of t raps .  The other  difference is  tha t  the  s igna l  seen f o r  t h e  
photodielectr ic  e f f ec t  i s  about four orders of magnitude above t h e  noise 
level  of t he  equipment, while t he  photoconductivity s igna l  i s  only about 
ten  t i m e s  g rea te r  than t h e  measurement l i m i t  when approaching the  onset 
of space charge l imi ted  biasing.  Photodielectr ic  data  allows the  calcu- 
l a t i o n  of t h e  model t o  be completed. 
The only differences are 
The shape of Fig. V-19 i s  eas i ly  explained by trapping i n  t h e  
0.003 e V  l e v e l  seen i n  the  low temperature conductivity tests. It i s  as- 
sumed t h a t  l i g h t  creates  f r e e  ca r r i e r s  and the  electrons immediately pro- 
ceed t o  recombination centers near t h e  middle of t he  band. Although 
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FIGURE V-19. Photodielectr ic  frequency change i n  CdTe a t  4 . 2 O K  
due t o  7.5 x 1013 photons/cm 3 -sec a t  0.8 1.1. 
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a t  4.2'K due t o  7.5 x 1013 photons/cm -sec a t  0.8 1-1. 
Photodielectr ic  power absorption var ia t ion  i n  CdTe 
3 
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these l eve l s  were not ac tua l ly  observed i n  these experiments, t h e i r  pres- 
ence i s  expected because of the  occurrence of p-type conductivity and be- 
cause other  experimenters3' have reported them as luminescence k i l l e r  
centers i n  p-type mater ia l .  Free holes a re  e i t h e r  trapped at  the shallow 
hole t r a p  or proceed t o  the k i l l e r  centers and recombine. Thus the recom- 
binat ion centers  account fo r  the small value of conductivity. A few holes 
a r e  permanently trapped; the leve ls  detected with TSC experiments contrib- 
u t e  t he  o f f s e t  frequency of 19 kHz seen i n  Fig. V-19. 
The la rge  temporary frequency change, due t o  holes i n  the  3 meV 
11 -3 t r a p ,  represent a density of trapped c a r r i e r s  of 3.9 x 10  cm . This re- 
sult comes from Eq. [2.31] with B'(0.003) = 4 x 
duc t iv i ty  gives p = 1 . 5  x 106cm-3 and p S 
conditions,  the hole capture cross sect ion S 
the  densi ty  of hole t r a p s ,  Pt (0.003) i s  found t o  be 2 x 1.0 an-3,  again 
using Eq. [3.81. 
Since the  photocon- 
-6 -1 = 6 x 10  cm under the same 
(0.003) i s  1.55 x lO-%rn2. 
18 
t P t  
P t  
The value of S may be checked using the  photodielectr ic  decay 
The response time given by Eq. [3.31] appears 
P t  
when the  l i g h t  i s  removed. 
t o  be 2, 30 seconds, which implies S (0.003) = 2 x 1 0  cm . The response 
time ac tua l ly  represents  t he  emptying of the t r a p  here;  t he  photoconduc- 
t i v i t y  response time should be the  sane. After the  holes axe thermally 
-17 2 
P t  
e jec ted  from the  t r a p ,  they recombine a t  a k i l l e r  center  ins tead  of re- 
turning t o  the  t r a p ,  so the frequency change i s  revers ib le .  
The preference by holes f o r  recombination implies t h a t  N R >> 
P S 1 0  cm, where the  k subscr ipt  r e f e r s  t o  t h e  k i l l e r  centers.  Since 
the  hole  t r a p  has only a minor e f f e c t  on the  c a r r i e r s ,  t he  k i l l e r  centers 
k Pk 
t P t  
may be t r e a t e d  with the  s ing le  e lec t ron  t r a p  model discussed i n  Chapter 
112 
111. U s e  of Eg. [3.11] then gives R 
magnitude l a rge r  than S 
= 2.78 x 10-l6cm2, only an order of 
Pk 
18 -3 It is  l i k e l y ,  therefore ,  t h a t  Nk > 2 x 10 cm . 
P t  * 
The lack of da t a  on the  spec i f i c  var ia t ion  of the f ree  electron concentra- 
t i o n  precludes calculat ing Nk and %. 
l a rge  if appreciable recombination also occurs at P 
This estimated value of  Nk i s  too  
t '  
The power absorption da ta  does not shed addi t ional  l i g h t  on the  
Since p << pt(0.003), t he  analysis because B"(0.003) = B"(free hole) .  
power absorption curve i s  expected t o  be similar t o  the  frequency change 
p l o t ,  and a comparison of Figs. V-19 and V-20 shows t h a t  t h a t  i s  the  case. 
The permanent frequency o f f se t  of 19 kHz i s  a t t r i bu ted  t o  t rap-  
ping at the 0.05 eV and 0.124 eV hole t r aps ,  which were the only two t r aps  
observed by TSC methods. 
about ten  times ~ ~ ( 0 . 0 5 ) ;  on the  other  hand, B'(O.05) = 16 B'(0.124). 
Thus, lacking b e t t e r  information, it i s  assumed t h a t  each of the  t r aps  
It has been noted t h a t  ~ ~ ( 0 . 1 2 4 )  tends t o  be 
contributes an 8,5 lrHz frequency s h i f t  t o  the photodielectr ic  experiment 
a f t e r  long periods of i l lumination. 
10 ~ m ' ~  and ~ ~ ( 0 . 1 2 4 )  N 2.1 x 10 
within two minutes fo r  T = 7.5 x 
from Figs. V-18 and V-20. 
of t he  photogenerated holes before it sa tura tes  , ind ica t ing  i t s  capture 
This ind ica tes  t h a t  ~ ~ ( 0 . 0 5 )  1.3 x 
1 4  1 5  The f a c t  t h a t  both t r aps  f i l l  
absorbed photons/cm3-sec i s  obvious 
Thus, the  0.124 eV t r a p  captures at least 10% 
cross sec t ion  i s  comparable t o  the  cross sect ion of other  l eve l s .  
The r e l a t i v e  photodielectr ic  s e n s i t i v i t y  of t h e  CdTe t o  d i f f e r -  
ent wavelengths i s  shown i n  Fig. V-21; t h e  power absorption curve has a 
similar shape. 
used. 
bandgap at 4.2OK is  1.6 eV. 
The independent var iable  is  t h e  photon energy of t h e  l i g h t  
Only one pos i t i ve  piece of da t a  i s  obtained from the  curve - t he  
The s e n s i t i v i t y  remains qui te  high f o r  h < 
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FIGURE V-21. Absorption spectrum for CdTe a t  4.ZoK, 
obtained u s i n g  the photodie lec t r ic  technique. 
0.775 p, but it f a l l s  rap id ly  fo r  longer wavelengths. 
t r a n s i t i o n s  a r e  observed, which would be the  expected r e s u l t  due t o  t h e  
rapid recombination and s m a l l  t r a p  dens i t ies  seen i n  t h e  c r y s t a l .  
No sub-bandgap 
The dependence of the  revers ib le  port ion of the  frequency 
change on l i g h t  i n t ens i ty  i s  shown i n  Fig. V-22. 
curve once again has the  same shape. 
the density of c a r r i e r s  i n  the shallow t r a p ,  c losely follow the r e l a t i o n  
p t " F .  
i n  the  model of a s ing le  e lectron t r a p  and a l so  when s t rong retrapping 
The power absorption 
It i s  seen t h a t  A f ,  and therefore  
According t o  the analysis  of Chapter 11, t h i s  behavior i s  seen 
e f f ec t s  a r e  observed. 
l a t i n g  p /R from Eq. 
and v . The r e s u l t  is  
t P t  
P 
The second model may be t e s t e d  quickly by calcu- 
[3.42] , using the  known values of E t 3  PtY T, Nv' 
22 
Pt/Rpt 10 ~ m - ~ ,  which i s  not a reasonable an- 
swer. The l a rges t  l i k e l y  value of R 
= 10 ~ m - ~ ,  giving the  impossible r e s u l t  t h a t  p 
i s  Q, d 4 c m 2 ,  which would make Pt 
P t  
8 
t > Pt' 
Thus, it i s  concluded t h a t  a t  t he  leve ls  of l i g h t  employed, t he  
3 meV l e v e l  behaves as i f  it were the  only d i sc re t e  l e v e l  i n  the forbidden 
band. Physically,  t h i s  could occur when the other  hold t r aps  a r e  satu- 
r a t ed  and no longer ac t ive  i n  influencing the  sample charac te r i s t ics .  
Also, the k i l l e r  center m u s t  be highly populated i n  order t o  make reeom- 
b ina t ion  between f r e e  electrons and trapped holes more l i k e l y  when the  
l i g h t  i s  increased. 
The trapping and recombination parameters observed i n  CdTe by 
t h e  d i f f e ren t  techniques are summarized i n  Table V-3. 
CdTe :Ag SINGLF, CRYSTAL 
A port ion of t he  high pu r i ty  CdTe was  doped with s i l v e r  i n  an 
attempt t o  achieve high s e n s i t i v i t y  i n  the  near infrared.  S i lve r  
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Figure V-22. 
on the l i g h t  i n t ens i ty  in h i g h  pur i ty  CdTe a t  4.2'K. U n i t  l i g h t  
i n t e n s i t y  i s  7 . 5 ~ 1 0 ~ ~  photons/cm -sec a t  0.6 V. The sca les  a re  
both logari  thmi c and the dotted 1 i ne represents the re1 a t i  on- 
s h i p  Af= fi. 
Dependence of the photodie lec t r ic  frequency change 
3 
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TABU V-3 
Trapping and Recombination Parameters of CdTe 
Method 
PD 
PC 
TS C 
PD 
TS C 
TS C+De cay 
PD 
PC 
TSC 
PC 
PD 
PD 
0 
TY 
4.2 
4.2 
25 
4.2 
580 
560 
4.2 
77 
'250 
77 
4.2 
4.2 
accept or  
bandgap 
2 . 7 8 ~ 1 0 - ~ ~  
-3 
PtY cm 
18 2x10 
< 
1 4  '1.3~10 
18 %2x10 
f: Measured from t h e  valence band i n  e V .  
*% Comparable t o  cross sections of other l eve l s .  
generally places an acceptor l e v e l  0.3 - 0.33 e V  above the  valence band 
at 300°K 
from the  valence band and it completely dominates the  sample behavior. 
The levels seen i n  t h e  high pur i ty  material were not seen and no l eve l s  
38 . It w a s  found t h a t  at low temperatures the  l e v e l  i s  % 0.37 e V  
other than t h e  s i l v e r  l e v e l  are detected. The low temperature photosen- 
s i t i v i t y  of the sample i s  very poor and the response t i m e  i s  less than 
0 . 1  sec,  t oo  fast t o  be measured. The current cannot be measured ac- 
curately at the  lower temperatures due t o  the  small s i z e  of p ,  but it may 
be estimated t h a t  the  f r ee  c a r r i e r  l i fe t ime i s  about a nanosecond, as- 
suming a s ingle  hole t r a p  model. 
Since the  sample possesses only a deep acceptor l eve l ,  very low 
mobility65 , and poor s e n s i t i v i t y  , each of which indicates  the photodielec- 
t r i c  response would be exceedingly s m a l l ,  no photodielectr ic  experiments 
were attempted. 
HIGH PURITY ZnTe - STANDARD EXPERIMENTS 
O f  the  s i x  common 1 1 - V I  photoconducting compounds, ZnTe i s  gen- 
38 e r a l l y  regarded as the  l e a s t  sens i t ive  . The sample discussed here 
proved t o  be qui te  insens i t ive  t o  most of the  experiments performed on 
it, because of a very high density of acceptors which cause it t o  be 
high conductivity p-type at 300°K and 77OK,  and a very good insu la tor  
below 35OK. The sample does not produce peaks i n  a TSC tes t ,  but ra ther  
shows an exponential increase of conductivity with temperature. A t  high 
temperatures, t he  slope reveals an acceptor l e v e l  at 0.142 e V ,  which has 
been observed by Aven and Segalll '  and a t t r i bu ted  t o  the  second ioniza- 
t i o n  of a zinc vacancy. They have a l so  reported t h a t  t he  first ioniza- 
t i o n  of  the  vacancy requires  0.048 e V ,  and a slope with approximately 
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0.05 e V  ac t iva t ion  energy w a s  indeed observed at low temperatures. 
expected energy i s  somewhat Uncertain, howgver; Crowder and Hammer82 show 
t h a t  the  depth exhibi ts  a decrease i n  e f fec t ive  ionizat ion energy with 
increasing concentration, with E = 0.075 e V  at i n f i n i t e  d i lu t ion .  The 
The 
room temperature r e s i s t i v i t y  of t h e  high puri ty  ZnTe i s  2.5 Q-cm, which 
suggests t h a t  the  density of zinc vacancies causing acceptor l eve l s  is  
about 10  cm . Considering the  la rge  density of ionized acceptors at 
temperatures down t o  7 7 O K ,  as wel l  as the  absence of trapping e f f e c t s ,  it 
i s  no surpr i se  t h a t  the  ZnTe i s  not highly photosensitive. 
18 -3 
Photoconductivity spec t ra  i n  the  sample at various temperatures 
The la t ter  ap- reveal  only t h e  band edge peak and a broad peak near 2 p a  
parent ly  corresponds t o  a 0.6 e V  t r a n s i t i o n  involving one of t he  bands; 
no other reference t o  a l e v e l  a t  t h i s  depth has been noted. It could 
represent exc i ta t ion  from a t h i r d  acceptor l e v e l  o r  the  freeing of a 
compensating hole or trapped electron from a deep donor or "k i l l e r "  center. 
The op t i ca l  absorption curve fo r  the  ZnTe i s  given i n  Fig. V-23. 
Evidence f o r  the  0.14 eV acceptor appears a t  5950 8, where t h e  exc i ta t ion  
of an e lec t ron  from t h e  acceptor l e v e l  t o  the  conduction band i s  t h e  ex- 
pected mechanism. The broad peak around 2 1~., noted previously i n  t h e  
photoconductivity spectrum, i s  a l so  seen i n  t h e  absorption curve. N o  
t r a c e  of t h e  0.048 e V  acceptor i s  observed, due t o  the  onset of bandgap 
exc i ta t ion  i n  the  region where absorption by the  shallow acceptor should 
be seen. 
12 A t  4,2OK, the  sample i s  an insti lator with p > 10 Q-cm. pho- 
ton fluxes of t o  lo1* photons/cm3-sec at visible and near in f ra red  
wavelengths produce no observable photoconductivity i n  the  material, 
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Figure V-23. 
ZnTe s i n g l e  c r y s t a l .  
Room temperature absorption spectrum o f  high-puri ty 
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where the measurement equipment detect ion limit corresponds t o  an excess 
density of about l o 5  f r e e  c a r r i e r s  per cm . 3 This implies the  l i f e t ime  is  
l e s s  than a nonosecond. A flux of % 5 x photons/cm3-sec from an 
HeNe l a s e r  a l so  produces no noticable increase i n  cmren+,. 
photoconductivity response at 4.2OK, it i s  necessary t o  apply copious 
quan t i t i e s  of l i g h t ;  exc i ta t ion  with an estimated 1 t o  10  w a t t s  of white 
To get  any 
l i g h t  from a project ion lamp (photon f lux  = 10' - 10 20 photons/cm3-sec) 
7 causes the  excess c a r r i e r  density t o  r i s e  t o  about 10 These numbers 
can only be taken as crude approximations, however, because the  amount of 
t he  white l i g h t  ac tua l ly  absorbed by the sample i s  uncertain,  and problems 
are  always encountered i n  making ohmic contact t o  ZnTe a t  very low temp- 
e ra tures .  The r i s e  and decay of t he  excess current density generated by 
the  s t rong white l i g h t  occurs f a s t e r  than the response time of the mea- 
surement equipment * 
Z I H C  TELLURIDE-PHOTODIELECTRIC EXPERIMENTS 
The r e s u l t s  of photodielectr ic  experiments on the  ZnTe a r e  
qui te  unusual and d i f f i c u l t  t o  explain. 
able frequency change of about 100 Hz i n  a high Q cavi ty  resonant a t  873 
MHz, no frequency s h i f t s  w e r e  observed a t  any v i s ib l e  or  in f ra red  wave- 
lengths at photon fluxes of 10 - 10 cm sec . The He-Ne l a s e r ,  de- 
l i v e r i n g  'L 2 x 1017 absorbed photons/cm3-sec at  6328 A, does produce a 
frequency change; at  4.2OK A f  = +44.7 kHz, and t h i s  increases t o  +68.5 
kHz at 2.75OK, as shown i n  Figure 24. The sign of the  frequency change 
has been emphasized because the  frequency decreases i n  all of the  other 
11-VI compounds studied. The s i z e  of the  frequency increase i n  ZnTe i s  
p lo t t ed  i n  Figure V-25 against  the  r e l a t i v e  l i g h t  power, and it i s  noted 
Operating with a minimum detect-  
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showing the shallow hole t r a p  i n  ZnTe. 
Variation of A f  v s  T ,  p lo t ted  a s  log  A f  vs 1/T, 
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Figure V-25. 
on the light intensity i n  high-purity ZnTe a t  4.2’K. U n i t  l i g h t  
3 intensity i s  2 ~ 1 0 ’ ~  photons/cm -sec a t  6328 R .  Both scales are 
logarithmic, and the  dotted line represents the relation A f  = #f. 
Dependence of the photodielectri c frequency change 
12 3 
t h a t  t h e  r e l a t ion  A f a  fi holds over most of the  range of l i g h t  in tens i ty .  
The frequency change i s  completely revers ib le ,  with an unmeasurably short  
response t i m e .  No rf power absorption changes are seen at any l i g h t  leve l .  
4 8 Applying Eq. [2.31] with A f  = 4.47 x 10 Hz, f = 8.73 x 10 Hz, 
-2 -12 2 -3 G = 3.67 x 10 , and E* = 102 gives B'Ap = -7.55 x 10 sec cm . The 
f ac t  t h a t  the  frequency increases during exc i ta t ion  m e a n s  e i t he r  free 
c a r r i e r s  or l i g h t l r  bound c a r r i e r s  with w c w produce the  d i e l e c t r i c  
change. The value of B '  f o r  e i t h e r  type i s  given by Eq. [ 2 . 2 9 ] ,  with 
w << l / ~ ,  so  tha t  B '  = - T ~ .  
l3 B' 2 -5.6 x sec and Ap or Ap 3 1.35 x 10 
r t 
0 
I f  t he  value of T is  7.5 x sec ,  then 
2 
t 
To decide whether f ree  o r  trapped ca r r i e r s  are  responsible f o r  
t he  pos i t ive  frequency change, the  following f a c t s  are gathered from 
the  data  which has been presented. 1) I n  photoconductivity measurements 
a t  4.2'K, t he  f r ee  c a r r i e r  density appeared t o  be l e s s  than lo5 
2) The var ia t ion  of Af with T as seen i n  f igure V-24 could be caused 
by a t r a p  0.29 meV above the  valence band. 
seen i n  f igure  V-25. 
while the  bandgap i s  2.4 eV. 
an allowed t r a n s i t i o n  t o  a l e v e l  0.4 t o  0.8 e V  from one o f t h e  bands. 
3 )  The var ia t ion Af a fi i s  
4 )  The exci ta t ion i s  produced by 1.96 eV photons, 
5) Absorption da ta  ( f igure  V-23) reveals 
The first point appears t o  ru l e  out t h e  f ree  c a r r i e r  explanation 
s ince the  frequency change results from about 
Ap < l o 5  
causes us t o  question t h e  va l id i ty  of t he  Ap measurement and t o  seek 
other evidence f o r  t h e  model. The second point indicates  t h a t  a hole 
t r a p  with an ionizat ion energy o f  0.29 meV ex i s t s .  Equations [2,21] and 
C2.161 reveal t h a t  B '  f o r  t h i s  t r a p  i s  negative? so t h a t  ca r r i e r s  
trapped the re  could produce a pos i t ive  frequency change. 
holes/cm3, while 
The f a c t  t h a t  the  contacts are non-ohmic, however, 
12 4 
The A f  a: fi var ia t ion  could be explained using a model with a 
s ingle  hole t r a p  or with a t r a p  where retrapping e f f ec t s  are important. 
Rose' shows t h a t  t h i s  var ia t ion  could &so r e s u l t  from f r ee  ca r r i e r s  
when the re  are electron t r a p s ,  hole t r a p s ,  and recombination centers  i n  the  
forbidden band*. The density of trapped ca r r i e r s  a l s o  vazries as J?; 
i n  Rose's model, and the  condition p >> p i s  required. Thus e i t h e r  
f r e e  or trapped c a r r i e r  e f f ec t s  could give r ise t o  the  A f  0: fi 
var ia t ion ,  but it appears more l i ke ly  t h a t  t he  e f f e c t  i s  caused by t h e  
t 
trapped ca r r i e r s .  
Since points  4) and 5 )  do not shed addi t ional  l i g h t  on the  
free vs trapped c a r r i e r  question, we are forced t o  accept t he  trapped 
c a r r i e r  model, primarily on the  bas i s  of t he  f i r s t  two points,  although 
the  poss ib i l i t y  of a f r e e  c a r r i e r  e f f ec t  can not be posi t ively eliminated. 
A simple model t o  explain the  data  must have a hole t r a p  
0.29 meV from t h e  valence band. Since it i s  populated by 1.96 e V  
photons, another d i scre te  l e v e l  must e x i s t  about 1.96 eV above the  
valence band. A consistent model results i f  w e  assume the  smaller peak 
i n  f igure  V-23 represents a l e v e l  about 0.5 eV from the  conduction band, 
or about 1.9 e V  from t h e  valence band. Assume t h a t  t he  laser l i g h t  
exci tes  an electron from t h e  valence band t o  t h a t  l e v e l ,  which ac ts  as an 
electron t r a p  or recombination center.  
then e i t h e r  be trapped at t h e  shallow l e v e l  or recombine a t  the  deep leve l .  
The free hole l e f t  behind may 
* The model requires p + pt N N , t h e  Sensity of recombination centers.  
The model i s  re fer red  t o  as ther"transi t ion range" model by Rose because 
it covers t h e  t r a n s i t i o n  between the  two s i tua t ions  p + p >> N and 
p + pt << Nr. 
ra ther  than electrons as t h e  majority c a r r i e r .  
t The notat ion of Rose i s  a l t e r ed  here t o  treat hoxes 
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The grea t  height and width of t he  21.1 peak i n  the  absorption experiment 
suggests t h a t  t he  density of t he  deep l e v e l  i s  la rge .  The small values 
of p and pt observed a t  s t rong l i g h t  l eve l s  suggests t h a t  t he  recombination 
center  a l s o  has a la rge  capture cross sect ion for holes.  The f a c t  t h a t  
pt >> p ,  although the  t r a p  i s  shallow means t h a t  it a lso  has a la rge  
capture cross sec t ion ,  and thus t h e  fi dependence o f  Ap suggests t h a t  
t he  c a r r i e r  density i s  subject t o  retrapping e f f ec t s .  The appl icat ion of 
Eq. [3.421 y ie lds  Pt(2.9 x 10-4)/RDt(l.8) = 1.8 x 1031 We expect - 
that Pt(2.9 x >> 1013 i n  which case R (1.8) >> cm2. 
P t  
5 The product P S i s  estimated t o  be 10  em, using Eq. c3.451 
This value for t he  product requires P or 
t P t  
with p taken t o  be lo5 
S t o  have a value about 1 0  times l a rge r  than values normally encountered. 
Furthermore, i f  it i s  assumed t h a t  n - t he  value of R obtained with 
p = 10 
t 
P t  
t - P t '  P t  
5 i s  about cm2, which i s  considered unreasonable la rge .  
There are severa l  possible  reasons for the  occurrence of  these unlikely 
r e s u l t s .  The shallow l e v e l  may somehow be r e l a t e d  t o  the  recombination 
c e n t e r s o t h a t  the  necessi ty  of  t he  hole enter ing the  valence band before 
reaching t h e  recombination center  i s  eliminated. The existence of another 
l e v e l ,  i nv i s ib l e  t o  the  photodielectr ic  and standard experiments, could 
a l so  inva l ida te  the  model and r e s u l t s  given here. It i s  f e l t ,  however, 
t h a t  t h e  most l i k e l y  source of e r ro r  i s  the  lack of good contacts t o  the 
photoconductor at low temperatures. If the  t r u e  b i a s  f i e l d  i n  t he  ZnTe 
i s  s ign i f i can t ly  lower than the  applied f i e l d ,  then the  calculated value 
of p i s  less than the  t rue  value by the  same amount, causing the  calculated 
value of R t o  be too  la rge .  Unfortunately, t h e  behavior of p cannot be 
separated out of t h e  photodielectr ic  da ta  because both free carriers and 
P t  
holes at t he  shallow t r a p  have the  same value of 3' and no var ia t ions  i n  
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a re  seen. 'abs 
A summary 09 the  trapping and recombination parameters observed 
i n  the ZnTe sample is  given i n  Table V-4. 
TABU V-4 
I Trapping and Recombination Parameters of ZnTe 
Method 
PD 
TS C 
TS C 
Ab s 
PC 
Ab s 
PD 
4.2 
>200 
300 
300 
300 
4.2 
2 
p t )  5 
accept or 
acceptor 
la rge  
t Measured from the  valence band i n  e V .  
CHAPTER V I .  
RESULTS AND CONCLUSIONS 
In  t h e  preceding chapter,  r e s u l t s  from both standard and photo- 
d i e l e c t r i c  experiments on four d i f f e ren t  1 1 - V I  samples were presented. 
The behavior of t he  CdS:Alwas analyzed independently with the  photodi- 
e l e c t r i c  technique, and values fo r  most of the parameters of t he  impurity 
l eve l s  were obtained. The other  samples were analyzed by using photodi- 
e l e c t r i c  data together  with the  data of the  standard experiments. In  t h e  
following sec t ions ,  t he  r e s u l t s  are discussed, comparing the d i f f e ren t  
methods of obtaining parameter values. Suggestions fo r  t he  appl icat ion 
of photodie lec t r ic  measurement techniques are  given, and recommendations 
f o r  fu r the r  study are made. 
ENERGY LEVELS 
Four energy l eve l s  were found i n  the  C d S : A l  using only photodi- 
e l e c t r i c  da ta ,  and as Table V-1 shows, the  values tend t o  agree with the  
values obtained i n  other  ways. The photodie lec t r ic  technique d id  not re- 
veal  the  0.35 e V  t r a p  i n  C d S : A l ,  probably because t h a t  l e v e l  has a minimal 
e f f e c t  on low temperature energy t ranspor t .  The standard experiments 
f a i l e d  t o  show t h e  l eve l s  0.007 and 1.3 e V  below t h e  conduction band, but  
t h i s  may be a result of not using the  proper temperatures and wavelengths 
i n  t h e  study. 
The 0.13 e V  l e v e l  m a y  be the  same as the  t r a p  at 0.16 e V  below 
t h e  conduction band reported by Bradberry and Spear75 and a t t r i b u t e d  t o  
s ing ly  ionized sulphur vacancies; levels near 0.14 e V  are of ten reported 
i n  CdS 78 . It w a s  found by r e l a t i n g  A f  t o  E with Eq. l2.311 after as- t 
s w i n g  a propor t iona l i ty  between An and J T d t .  The degree of confidence 
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i n  the value of E obtained i n  t h i s  manner depends on the  confidence i n  t 
calculat ing An, which i n  turn  i s  r e l a t ed  t o  t h e  l i g h t  f lux and absorp- 
t i o n  coef f ic ien t ,  two quant i t ies  which are d i f f i c u l t  t o  measure. I n  other 
samples not displaying the  simple behavior of CdS:Al, calculat ion of  E 
by way of  Eq. [2.31.] might involve some ra ther  shaky assumptions. 
t 
A method judged t o  be b e t t e r  fo r  calculat ing energies from 
photodielectr ic  data  involves photodielectr ic  decay. The 0.007 eV leve ls  
seen i n  both CdS samples w e r e  found from decay measurements. Levels near 
t h a t  depth have been reported by I takura and T ~ y a d a ~ ~  nd Pedro t t i  and 
Reynolds i n  undoped CdS,  but the  or ig in  of t he  leve ls  i s  not c lear .  The 
decay method i s  s o  insens i t ive  t o  e r ro r s  i n  t h e  value of S t h a t  values of 
E accurate t o  within about 25% may be found by assuming any reasonable 
value of St; t h i s  was demonstrated i n  both cases. The shallow t r aps  i n  
the  t e l l u r i d e s  were a l s o  discovered using photodielectr ic  decay data. No 
44 
t 
t 
published reports  of them have been found. 
Energies of leve ls  may also be found by r e l a t ing  peak wave- 
lengths fo r  photodielectr ic  behavior t o  the  ionizat ion energy of a l eve l .  
The 0.17 e V  t r a p  i n  CdS:Ag, probably due t o  sulphur vacancies as discussed 
previously w a s  observed i n  t h i s  way, as was the  0.35 e V  leve l .  A l e v e l  
near 0.4 i s  expected i n  CdS:Ag45, but there  are also many reports  of l eve l s  
near 0.35 eV i n  materials not in ten t iona l ly  doped with The 
depth of t h e  sens i t iz ing  center and the  0.775 e V  l e v e l  (both seen by many 
other  observersr18) i n  CdS:Al and the  bandgap of CdTe were derived from 
analysis  of t he  photodielectr ic  spec t r a l  response, and the  bandgap of C d S  
undoubtedly could have been determined i f  t h a t  had been t h e  goal of t he  
experiments. Similar ly ,  t h e  f a c t  that the  ZnTe is  sens i t i ve  t o  the  
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sub-bandgap l i g h t  from a He-Ne l a s e r  gives some idea of the  locat ion of 
the  k i l l e r  center i n  t h a t  material. The depth of the sens i t i z ing  center  
i n  CdS:Ag w a s  found by equating the energy of t h e  l e v e l  t o  the energy of 
t he  photons which were the best for  quenching. 
Whenever a measurable parameter var ies  with T ,  such as n i n  
Eq. l3.151, or T i n  13.161, the  preferred method of determining E is  d t 
t o  make measurements a t  severa l  d i f fe ren t  temperatures. This allows the  
temperature invar ian t  parameters t o  be removed from the  equation. For 
example, l3.151 i s  replaced by L3.171 if two d i f f e ren t  measurement temp- 
eratures  are  used; l3.171 does not depend on N t .  
e ra tures  must be close enough together t o  insure t h a t  the same energy 
The two d i f f e ren t  temp- 
l e v e l  determines the cha rac t e r i s t i c s  of the sample a t  both temperatures. 
Of'ten, t h i s  may be the only easy way t o  determine Et ,  as i n  t h e  case of 
t h e  shallow l e v e l  i n  ZnTe. 
CAPTURE AND RECOMBINATION CROSS SECTIONS 
The cross sect ions c a n  be calculated from photodielectr ic  data  
i f  a model i s  assumed fo r  the energy l eve l  scheme. Admittedly, any model 
must be a s impl i f ied  approximation of  the  ac tua l  case,  but it i s  usually 
possible  t o  choose a model a f t e r  determining how the  c a r r i e r  dens i t ies  
vary with l i g h t  and how they i n t e r a c t  with each other .  Often several 
simple approximations m u s t  be combined t o  explain the  complicated behav- 
i o r  of a sample; t h i s  i s  necessary for all of the  samples described i n  
Chapter V because they a l l  display severa l  l eve ls .  
Once the  model i s  chosen, the cross sect ions are found using t h e  
trapping and recombination equations developed by Shockley and Read56 and 
H d 1 5 7  and extended here i n  Chapter 111. The most accurate values of St 
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and R are l i k e l y  t o  come from equations not involving the  Boltzmann 
fac tor ,  such as E3.71 and E3.111. This is  t r u e  because s m a l l  changes i n  
t 
the  value of E lead  t o  la rge  changes 
e r ro r  i n  E gives a la rge  e r ro r  i n  S 
t 
t t 
When the  equation involving 
Boltzmann f ac to r ,  as Eq. [3.16] does, 
-Et /kT 
t '  
i n  e and, therefore ,  a small 
or  R 
the  cross sect ion contains t h e  
it i s  desirable  t o  measure the  ob- 
servable quantity a t  two d i f fe ren t  temperatures. For example, t he  value 
of St (0.007) i n  t h e  CdS:Al i s  found by measuring T 
temperatures and finding E, ( 0 . 0 0 7 ) .  This value i s  then used i n  Eq. [3.31] 
i n  Eq. [3.31] a t  two 
d 
b 
t '  t o  evaluate S 
If t h e  proper model i s  
S and N using an assumed model 
t he  proper choice. I n  CdTe, the 
t t 
not obvious, a preliminary calculat ion of 
may indica te  whether the model assumed i s  
model involving retrapping e f f ec t s  w a s  
shown t o  be not applicable when a calculat ion using Eq. [3.42] yielded the  
impossible r e s u l t  t h a t  p 
F'REE AND TRAPPED CARRIER DEXSITIES 
Pt. t 
Carr ier  dens i t ies  as a function of t i m e  may be d i r ec t ly  observed 
using photodielectr ic  techniques. Frequently, however, severa l  e f f ec t s  
occur simultaneously and m u s t  be separated; t h e  f i l l i n g  of th ree  electron 
t raps  i n  CdS:Ag i s  resolved from frequency change data ,  and the  e f f ec t s  
of f r ee  ca r r i e r s  and c a r r i e r s  i n  the  7 meV t r a p  i n  CdS:A1 are separated 
using power absorption information. 
and B" are, i n  general ,  rapidly varying functions of ionizat ion energy, 
and e f f e c t s  of moderately shallow l eve l s  tend t o  be weighted more heavily 
than e f f e c t s  of deep centers.  I n  some ways t h i s  i s  a desirable  feature; 
It is necessary t o  remember t h a t  B' 
f o r  example, i n  CdTe the  e f f ec t s  of % lox1 cmW3 weakly bound holes c l ea r ly  
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appear over the e f f ec t s  of n, d4 eme3 holes i n  deeper t raps .  Obviously, 
the same behavior tends t o  make the photodielectr ic  e f f ec t  insens i t ive  t o  
c a r r i e r s  i n  deeper t r aps .  
than frequency change data  i n  determining the  time var ia t ion  of c a r r i e r  
dens i t ies  because the re  i s  a wide range of energies a t  which B" does not 
vary with E This f a c t  prevents the separation of f r ee  hole e f f e c t s  from 
trapped hole e f f ec t s  i n  CdTe, fo r  example. 
TRAP DENSITIES 
Power absorption da ta  i s  somewhat less valuable 
t '  
The calculat ion of t r a p  dens i t ies  i s  a problem s imi la r  t o  t h e  
ca lcu la t ion  of capture and recombination cross sect ions because the proper 
equations of ten involve the Boltzmann f ac to r ,  In  some cases,  it i s  pos- 
sible t o  f ind  an imperfection density by making two measurements at d i f -  
fe ren t  temperatures as described above. 
Densit ies of l eve l s  a r e  also estimated by sa tura t ing  the  l eve l s ,  
measuring the concentration of  trapped c a r r i e r s ,  and then equating the two 
dens i t ies .  Any er rors  i n  t h i s  method are  l i k e l y  t o  be small, caused by 
the f a i l u r e  t o  achieve the coaplete sa tura t ion  t h a t  i s  assumed. Another 
method of estimating t r a p  dens i t ies  i s  t o  measure or assume the  f i l l i n g  
r a t e  for  a t r a p  a t  a constant l i g h t  l e v e l ,  measure the  time required f o r  
the t r a p  t o  sa tu ra t e ,  and multiply the r a t e  by the  elapsed time. 
i s  much room f o r  e r ro r  i n  f inding the f i l l i n g  r a t e  and i n  the assumption 
t h a t  t h i s  r a t e  remains constant u n t i l  the  time sa tura t ion  i s  accomplished. 
Since the  photodie lec t r ic  response i s  proport ional  t o  the  density of 
trapped c a r r i e r s ,  the f i l l i n g  r a t e  i s  of ten evident.  Obviously, t he  sat- 
urat ion methods of f inding two t r a p  dens i t ies  do not work i f  t he  t r a p  
empties through recombination or thermal f reeing,  and p a r t i a l  emptying 
causes the  density estimate t o  be too  large. 
There 
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MOBILITY 
No mobility values were calculated i n  t h i s  study; instead,  mobil- 
i t i es  were assumed i n  order t o  calculate  other  parameters. 
possible ,  however, t o  use photodielectr ic  techniques t o  f ind  the  order of 
magnitude of c a r r i e r  mobil i t ies .  The mobility of a c a r r i e r  i s  r e l a t ed  t o  
the  momentum relaxat ion t i m e  by t h e  simple r e l a t i o n  
It does appear 
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1-1 = eT/m* t6.11 
Photodielectr ic  behavior depends very strongly on the  value of T .  
t ions  [2.21]and [2.22] show the dependence of B '  and B" on T .  
Equa- 
Assume the  simple case of w << l / - r  so  t h a t  f o r  a f r e e  c a r r i e r  B '  
- -   -r2 (see Eq. [2.39]).  Let a photosensitive sample be subjected t o  a 
photodielectr ic  experiment and then a photoconductivity experiment, using 
i d e n t i c a l  temperatures and i l lumination. The frequency change due t o  ex- 
cess free ca r r i e r s  i s  given by L2.311. 
2 2  A f = p x  f G  e AnT 
r 0 
The current change due t o  excess f r e e  ca r r i e r s  i s  given by 
VAe u 
R An A I  = 
where I is  current ,  V i s  the  b i a s  voltage,  A i s  the  e f f ec t ive  ohmic con- 
t a c t  area, and R i s  the  e f f ec t ive  thickness of t h e  sample. Eliminating 
An and T from [6.1] through [6.31 y ie lds  
E E L e  A f  VA o r 
AI R m*fG ! J = - - -  
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A sample ca lcu la t ion  m a y  be performed by using da ta  from CdS:Ag t e s t s .  
Since no f r ee  c a r r i e r  component of Af was observed, w e  may s e t  an upper 
bound of % 10 Hz fo r  A f .  A t  4.2'K t he  photocurrent fo r  the  conditions 
of l i g h t  used i n  the photodielectr ic  t e s t  i s  % 6 x lo-' amps. 
values a re  V = 6 v o l t s ,  A/R = 0.1 cm, c2 = 6 0 ,  m* = 0.2 m, f = 1 0  
and G 5 x 
disagree with the  value of 10  cm /volt-sec used. 
THERMALLY STIMULATED D1EL;ECTRIC CONSTANT CHANGES 
4 
Other 
9 Hz, r 
2 The r e s u l t  is  p 4 100 cm /volt-sec,  which does not 
2 
The preceding discussion has described the many walys i n  which 
trapping and recombination parameters a re  found from the  data of a photo- 
d i e l e c t r i c  experiment. 
d i f f e ren t  experiments which a re  s i m i l a r  i n  some ways t o  the standard ex- 
periments described i n  Chapter I. For example, the  photodielectr ic  spec- 
trum obtained for the CdS:Ag i s  roughly analogous t o  a photoconductivity 
spectrum. One standard technique current ly  without a photodielectr ic  
counterpart is the  thermally st imulated conductivity experiment. 
I n  r e a l i t y ,  a "photodielectr ic  experiment" i s  many 
H a r t ~ i g ~ ~  has considered the  question of performing a photodi- 
e l e c t r i c  experiment while warming the sample, i n  order t o  observe the  emp- 
tying of t r aps  and ionizat ion of donors and acceptors. 
experiment i s  theo re t i ca l ly  f eas ib l e  and o f fe r s  t he  same advantages over 
TSC t e s t s  t h a t  photodielectr ic  methods have over photoconductivity experi- 
ments. The equations applicable t o  the  a n u s i s  a r e  the  sane as those pre- 
sented i n  Chapters I1 and I V .  
Such a proposed 
The model used t o  describe the movement of e lectrons during a 
TSC experiment assumes t h a t  an e lec t ron  i n  a shallow t r a p  (small B", l a rge  
3') is  exc i ted  thermally t o  the conduction band ( la rge  B", s m a l l  B ' )  where 
it remains for  a t i m e  T 
s m a l l  B ' )  by recombining. 
good approximation i n  t h i s  simple case t o  w r i t e  
and then en ters  the  valence band ( s m a l l  B", L 
Similar behavior occurs for holes. It i s  a 
f = fo  -Ant [6.5 1 
'abs P + Bnt + Cn 0 
where A,  B ,  and C a r e  col lect ions of constants. It i s  frequently t r u e  
t h a t  the  t h i r d  term i n  Eq. [6.6] is  grea te r  than the  second term. 
s ince a 
t o  a peak i n  P 
Thus, 
TSC peak corresponds t o  a peak i n  n or dnt/dt ,  it a lso  corresponds 
or df /d t .  ab s 
I n  performing the  proposed experiment, the  freq1Jency and power 
absorbed are p lo t t ed  as a function of time while the  sample i s  heated a t  
severa l  d i f fe ren t  constant heating rates. 
various values of B ,  t he  heating r a t e ,  then gives Et according t o  Eq. f4.91. 
This value then may be used i n  [4.1] t o  f ind  St or  i n  E4.21 t o  f ind  N t ~ L .  
Use of f2.311 gives a value for  the  i n i t i a l  density of trapped 
A p lo t  of &(Tm/@) vs. l /Tm fo r  
c a r r i e r s ,  and the  curve of Af vs. t i s  then converted i n t o  a p lo t  of Ant 
vs. t by properly relabel ing the v e r t i c a l  axis. Once n (T)  and E are 
known, Eqs. [2.161 and [2.32] are  used to\find n(T) ,  which has the  same 
shape as Pabs(T) when the  e f f ec t s  due t o  trapped ca r r i e r s  are subtracted 
from 'abs 
by using 
t t 
( T ) .  When n(Tm) and dnt(Tm)/dt are known, the  l i f e t ime  found 
Preliminary calculat ions based on simple models ind ica te  the  proposed 
photodielectr ic  experiment should compare favorably with the  standard TSC 
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method in determining propert ies  of t r aps  within ?, 0.3 e V  of t he  conduc- 
t i o n  band. 
SUMMARY 
It has been shown t h a t  photodielectr ic  techniques, when applied 
t o  a sample i n  a high Q superconducting microwave cavi ty ,  o f f e r  many ad- 
vantages over standard experiments fo r  analyzing low temperature trapping 
and recombination i n  1 1 - V I  compounds. The high Q of a superconducting 
cavity i s  necessary t o  insure t h a t  t he  sample maintains control  of t he  
cavity frequency and power absorption, while the  l i q u i d  helium bath pro- 
vides constant temperature, i n e r t  surroundings. The cavi ty  per turbat ion 
technique is  extremely sens i t i ve  t o  s m a l l  material property changes. It 
has been demonstrated t h a t  i n  some cases (CdTe, ZnTe) the  photodielectr ic  
experiment i s  c lear ly  more sens i t ive  than photoconductivity t e s t s  on the  
same material. 
There are  many advantages of photodielectr ic  techniques besides 
the  inherent s ens i t i v i ty .  The need t o  make ohmic contacts t o  the  sample 
i s  not present ;  t he  witchcraf t  associated with making ohmic contact t o  
some materials i s  forgotten,  and powder samples may be tes ted .  A t  high fre- 
quencies used, space charge l imi ta t ions  vanish. 
I n  the  ac tua l  analysis of proper t ies ,  t h e  photodielectr ic  mea- 
surement d i r e c t l y  gives the  density of trapped ca r r i e r s  , which normally 
must be in fe r r ed  when standard tests are employed. Trap dens i t ies  are 
p lo t t ed  as the  t r aps  f i l l  and saturate or reach equilibrium. 
information s implif ies  the  problem of se lec t ing  a model t o  describe t h e  
behavior seen, and allows parameters t o  be calculated with fewer assump- 
t i ons  and more accurate results. 
l a t e d  include the  ionizat ion energy of t he  l e v e l ,  i t s  density and t h e  
This extra 
The parameters which have been calcu- 
density of c a r r i e r s  t he re ,  and the capture and recombination cross sec- 
t i ons .  A rough measurement of mobility a l so  appears t o  be possible.  
Like the  other  techniques evaluated, t h e  photodielectr ic  method 
has drawbacks. 
nique tends t o  be in sens i t i ve  t o  deep leve ls  and t o  leve ls  which have 
s m a l l  e f f e c t s  on energy t ranspor t  i n  the  c r y s t a l ,  and t r a p  energies can- 
not always be calculated accurately.  The bes t  procedure t o  follow i n  
analyzing mater ia l  propert ies  i s  t o  apply as many measurement methods as 
possible ,  so t h a t  t he  "extra" data may be used t o  check for  consistency. 
Photodielectr ic  data i s  bes t  used i n  calculat ing cross .sections and den- 
si t ies,  given the  energy of the l e v e l  found by some other method. 
The temperature range avai lable  i s  very l imi ted ,  the  tech- 
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In 11-VI compounds a t  cryogenic temperatures, the photodielectric (PD) effect i s  the result of'optically-induced 
changes in the densities of free and trapped carriers. 
complex dielectric constant are observable when the semiconductor is placed in a superconducting microwave 
cavity and irradiated with light. A change in the real part of the dielectric constant results in a sizeable 
change in the cavity resonant frequency, while a change in the imaginary part of the dielectric constant 
produces a change in the microwave power absorbed by the semiconductor. Equations are presented which 
relate the frequency change and Power absorption change to the densities and binding anergies of trapped 
carriers. and to the density of free caniers. The PD technique gives a direct measurement of both the free 
carrter density and the trapped carrier density. 
Models involving trapping and recombination centers with selected pmperties are analyzed to  reveal the 
relations between carrier densities and other physical characteristics of the sample. Equations a re  Written in 
forms whlch allow capture cross sections, recombination cross sections, trap ionization energies, and trap 
densities to be calculated from the t i m e  and temperature variations of the free and trapped carrier densities. 
Samples of CdS:Al. CdS:Ag. CdTe. and ZnTe are analyzed, both with PD techniques and with other techniWeS 
such a s  thermally stimulated conductivity, and values for trap depths, densities, and capture cross 3ections 
are obtained and compared. In most cases  where a comparison of methods is possible, results from the 
different techniques agree. In the remainder of the cases ,  photodielectric data, which gives a direct obsewa- 
tion of trapped carrier behavlor, gives slgntficantly improved accuracy compared to the other techniques where 
trapped carrier behavior is only obtained indirectly. Results presented demonstrate that PD response Spectra 
yield values for bandgaps and trap ionization energies. The t ime varlatlon of the photodielectric response is 
used to  reveal several traps which exist in one sample, and to separate trapped carrier effects from free 
carrier behavior. The direct observation of trap filling and emptying yields sufflcient data to calculate trap 
depths, densities, and cross sections. The temperature dependence of the PD response gives additional 
information concerning trap ionization energies and cross sections. Data f rom the variation of the response 
with respect to  light intensity greatly simplifies the choice of an  energy band model. 
It is demonstrated that in some cases ,  a photodielectric experiment is clearly more sensitive than other 
techniques, such a s  photoconductivity analysis,  applied to the same material. The PD method is contactless. 
eliminating a l l  of the problems associated with making ohmic contacts. The successful application of PD 
techniques to a powdered sample is demonstrated. Even when the PD method i s  applied to single crystal 
samples, the fact that the behavior of trapped carriers is directly observed means that the method greatly 
improves an  experimenter's ability to analyze and measure trapping and recombination parameters. 
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